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EROSION-CORROSION MECHANISMS OF STAINLESS STEEL UNS S31603 
 
by Shiva Suthan Rajahram 
 
Solid particle erosion-corrosion is the wear caused by the combined action of the mechanical process 
of solid particle erosion and the electrochemical process of corrosion. This joint action leads to a 
synergistic  interaction  that  enhances  the  wear  rate  of  the  material,  causing  severe  problems  to 
engineering components exposed to these aggressive conditions.  This poses a problem to designers 
and engineers, as there are currently no robust models available to predict erosion-corrosion rates due 
to the incomplete understanding of the physical erosion-corrosion mechanisms and synergy. The aim 
of  this  project  is  to  develop  a  systematic  understanding  towards  modelling  erosion-corrosion  by 
investigating  the  erosion-corrosion  mechanisms  of  stainless  steel  UNS  S31603.  An  integrated 
approach is used in this study consisting of three main thrusts from an environmental, electrochemical 
and materials perspective. 
 
The first part of the thesis, examines the robustness of the semi-empirical model based on an active 
area principle, which was developed recently at the University of Southampton on a passive metal 
UNS S31603. Gravimetric experiments were performed using a slurry pot erosion tester. The slurry 
pot erosion tester was also modified to perform in-situ electrochemical investigations. Results from 
this novel modification, showed that the erosion-corrosion rates and synergy levels increased with 
increasing velocity, temperature and sand concentration. Electrochemical current noise measurements 
for multiple particle impact experiments showed that this was partly due to the continuous rupture of 
the oxide film leading to an erosion enhanced corrosion synergistic effect. The erosion-corrosion rates 
were found to be a function of the kinetic energy of the particles, the number and the size of the 
particles impacting the surface. The amount of charge consumed and the repassivation kinetics were 
derived from the single particle impact experiments. Lips also appear to crack on the surface believed 
to be caused by corrosive action accelerating material removal. The results were analysed statistically 
and for the first time, interaction contour plots have been used to decouple the interactions between 
the test parameters. These studies showed that the largest interaction occurred between velocity and 
sand concentration and empirical models were also derived from these analyses. Although the model 
provided reasonable prediction of the synergy values, the unanswered question of whether the right 
mechanisms were being modelled formed an important basis for this work. 
 
For the first time, in-depth investigation was performed on the evolution of wear on the surface and 
subsurface of UNS S31603 using SEM, FIB, STEM and TEM. Investigations revealed that a three 
layer grain structure consisting of nano-grains, micro-grains and deformed bulk grains was seen to 
evolve with time. An explanation is proposed on reasons why the mass loss rates vary at different 
stages of erosion-corrosion, by correlating the surface and subsurface wear with the trend of mass loss 
rate versus time. TEM investigations also revealed the formation of numerous fatigue cracks and 
folding of lips on the surface believed to be due to strain imposed during repeated particle impact. 
Other unique features observed are embedment of erodent fragments and chromium oxide layer as 
well as strain induced phase transformation. It is believed that a thin composite structure consisting of 
these elements are formed and enhanced by the formation of lips over this structure. All these factors 
combined with grain refinement and work hardening enhances the fatigue crack formation process. 
This process is then accelerated by corrosion as confirmed by the higher density of cracks observed in 
the erosion-corrosion sample, compared to the sample subjected to pure erosion. This is proposed as 
one of the main corrosion enhanced erosion synergistic mechanism present during erosion-corrosion.  
 
Physical  models  have been  developed based on these  micro and nano-scale  wear observations to 
integrate  the  surface  and  subsurface  erosion-corrosion  mechanisms.  This  work  has  generated  an 
enhanced  physical  model  to  explain  the  erosion-corrosion  mechanisms  at  the  subsurface  of  UNS 
S31603. The findings of this work would greatly assist engineers and designers in the development of 
future erosion-corrosion models and in the understanding of synergy between erosion and corrosion.  
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1   Introduction 
 
1.1  Background and Thesis Overview 
  Metals are extremely important in engineering applications. Therefore, it is important 
to address the problems associated with the service life of metals to prevent pre-mature 
failure  of  the  material.  One  of  these  problems  is  slurry  erosion-corrosion,  which  is 
encountered by many materials including metals when exposed to a corrosive solution and 
solid particles. Solid particle erosion occurs when solid particles impinge against a target 
material, while corrosion is the degradation of the material due to electrochemical reactions 
with the environment. The joint action of erosion and corrosion, termed erosion-corrosion 
can  accelerate  the  wastage  rate  of  the  material,  causing  severe  problems  to  engineering 
components.  This  leads  to  high  maintenance  costs  and  in  extreme  cases,  may  require 
complete overhaul or replacement of the damaged component. The extent of damage in the 
material depends on numerous parameters including the characteristics of the target material, 
the properties of the erodent and the nature of the environment to which it is exposed. It is 
therefore important for designers to have a good understanding of these wear parameters 
before selecting materials for any engineering application.  The material  selected for this 
work is stainless steel UNS S31603, as it is a widely used material in many engineering 
applications. This material has good corrosion resistance in atmospheric conditions, as it 
forms  a  thin  oxide  film  on  the  surface  which  inhibits  corrosion.  However  during  solid 
particle  erosion-corrosion,  when  solid  particle  impacts  the  material,  this  oxide  film  is 
ruptured and the wear and corrosion rates are accelerated. 
  The predicament faced by designers is that current models which are used to predict 
wear rates of materials caused by slurry erosion-corrosion are inaccurate and many of them 
are empirical in nature. The designer then has to rely on experimental data from laboratories. 
These experimental data come from a wide range of test rigs and dispersed test conditions, 
making  material  selection  for  erosion-corrosion  conditions  difficult  and  tedious.  The 
interaction  between  erosion  and  corrosion  also  produces  an  additional  degradation  rate 
referred to as synergy, which contributes to the complexity in predicting erosion-corrosion. 
Current modelling approaches fail to accurately predict erosion-corrosion rates mainly due to 
a  lack  of  comprehensive  understanding  of  the  material  response  to  erosion-corrosion, 
especially on the material subsurface. These approaches ignore the high strain rate nature of 
the impact and use bulk material properties and not the surface properties after impact, which  
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may be markedly different. The physical mechanisms occurring on the material have to be 
better established before any attempt can be made to model erosion-corrosion.  
The  stimulus  for  this  project  is  to  obtain  a  systematic  understanding  towards 
modelling slurry erosion-corrosion mechanisms by studying the interaction between erosion, 
corrosion and the influence of various parameters in accelerating the total wear rate. A multi-
disciplinary approach is taken to investigate this process through three main thrusts. These 
thrusts are from an environmental, electrochemical and materials perspective. This approach 
combines  the  application  of  gravimetric  wear  studies,  statistical  interaction  studies, 
electrochemical  studies  and  in-depth  electron  and  ion  microscopy  studies  to  obtain  an 
integrated understanding of the tribo-corrosion process. This is shown in the chart in Figure  





Single particle Sand concentration Sand size Velocity
Electrochemistry Material Environmental
Temperature Sub-surface Surface Multiple particle  
 
Figure  1.1  Main thrusts and approaches taken in this thesis to develop an integrated 











1.2  Objective and Scope of Research 
 
The  primary  objective  of  this  PhD  project  is  to  develop  a  systematic  understanding 
towards  modelling  slurry  erosion-corrosion.  This  will  be  achieved  by  performing  an 
integrated study on the erosion-corrosion mechanisms of stainless steel UNS S31603. These 
approaches would be the basis for future modelling strategies. In order to achieve this, the 
interaction between erosion, corrosion and synergy has to be investigated in detail.   
 
The objective of this PhD is met through the following scope of research: 
 
  To develop a better understanding of the parameters affecting erosion-corrosion 
and synergy including velocity, sand concentration, sand size, temperature and 
different test solutions. 
  To perform  in-situ  electrochemical current  noise  studies  of erosion-corrosion 
and correlate single and multiple particle impact experiments to elucidate the 
erosion enhanced corrosion synergistic effect. 
  To develop an empirical  model to determine the relationship between velocity, 
sand size, sand concentration and test temperature, and explain the significance 
of these parameters on erosion-corrosion. 
  To decouple the relationship and interaction between the test parameters with the 
aid of statistical techniques and contour maps. 
  To  perform  a  systematic study  on  the  evolution  of  wear  on  the  surface  and 
subsurface of UNS S31603  at various stages of erosion-corrosion using Focused 
Ion  Beam  (FIB),  Scanning  Transmission  Electron  Microscopy  (STEM)  and 
Transmission Electron Microscopy (TEM). 
  Investigation and comparison between the surface and subsurface deformation 
during pure erosion and erosion–corrosion and their influence on synergy.  
  To  develop  a  mechanistic  understanding  and  physical  models  on  erosion-






1.3  Thesis Structure 
 
  This thesis is divided into eleven chapters. The first chapter provides a background to 
the subject area and the main thrusts of the PhD project. This chapter also includes specific 
objectives of the current work and the structure of the thesis. 
 
  A literature review on the subject of erosion-corrosion is provided in Chapter 2. This 
chapter  is  divided  into  six  main  sections  which  cover  the  topics  of  erosion,  corrosion 
erosion-corrosion,  stainless  steels,  electrochemical  methods  and  micro/nano-scale  wear 
analysis techniques. The first section explains the fundamentals of erosion and discusses the 
various test parameters influencing erosion. The fundamentals of corrosion, passivity and the 
factors influencing corrosion are included in section 2. Section 3 presents an overview of 
synergy  arising  from  erosion-corrosion  and  discusses  some  possible  mechanisms  for 
synergy. A description of the  material, stainless steel UNS S31603 and its properties is 
described  in  section  4,  while  an  overview  of  electrochemical  methods  focusing  on 
electrochemical noise method is provided in section 5. In section 6, FIB and TEM techniques 
with their application in wear studies is reviewed. 
 
  Chapter 3 provides a description of the experimental techniques and methodology 
used  in  the  current  work.  It  details  the  preparation,  characterisation  and  analysis  of  the 
experiments  conducted.  It  includes  a  description  of  the  experimental  methodology, 
experimental  rig  design  and  modifications  to  perform  gravimetric  as  well  as  in  situ 
electrochemical measurements. Details on the material, test solutions, erodents and the slurry 
pot erosion tester are provided. Finally, post test analysis methods such as SEM, FIB and 
TEM are discussed. 
 
  Chapter  4  entitled  “Evaluation  of  a  semi-empirical  model  in  predicting  erosion-
corrosion” describes the initial work conducted, which evaluates the applicability of a semi-
empirical model by testing it on a passive metal. The effects of velocity, sand concentration, 
sand size and temperature on erosion-corrosion are investigated. The model was tested by 
varying the velocity and sand concentration while assessing the synergy levels through the 
rise  in  current  density.  The  limitations  of  the  model  are  discussed  in  this  section.  The 
subsequent work in this thesis was built based on the findings of this chapter. 
 
  In-situ electrochemical investigations performed using a modified slurry pot erosion 
tester  is  presented  in  Chapter  5.  Current  versus  time  plots  to  depict  the  depassivation-  
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repassivation process are plotted. The difference in these current levels with respect to the 
variation is velocity, sand size and sand concentration is explained. Single particle impact 
experiments were also performed, in an attempt to correlate the rise in current during single 
and multiple particle impact events.   
 
The study on the interaction between various parameters influencing erosion-corrosion 
is  discussed  in  Chapter  6.  In  this  chapter  also,  the  significance  of  the  parameters  in 
accelerating wear is reviewed. Contour maps and statistical methods have been used to study 
these interactions. Empirical relationships have been derived from the test results to describe 
the relationship between the test parameters.  
 
In Chapter 7, the evolution of wear on the surface and subsurface of UNS S31603 is 
investigated at increasing time durations from 0.5 minute to 20 minutes. On the surface, 
incremental  particle  impact  experiments  and  evolution  of  surface  wear  with  time  were 
elucidated using SEM. While on the subsurface, the change in grain structure and subsurface 
deformation was investigated using FIB. In-depth investigation on the material response to 
single particle impact and erosion-corrosion after 5 minutes was performed using STEM and 
TEM. 
 
Chapter 8 is aimed at understanding the subsurface wear process during solid particle 
erosion in the absence of corrosion, using FIB and TEM.  The grain structure and orientation 
are studied, focusing on the material response to erosion at a longer duration of 1 hour as 
compared to short durations in the previous chapter. 
 
 The investigation of erosion-corrosion mechanisms using FIB and TEM is presented 
in Chapter 9. The role of particle embedment, oxide film embedment, crack formation, grain 
refinement  and  phase  transformation  in  accelerating  the  erosion-corrosion  process  is 
revealed. Physical models are developed to describe the wear mechanisms observed and their 
influence towards synergy. 
 
Chapter 10 summarises and discusses the findings from the experimental results in the 
thesis. It links the three main thrusts of the thesis from the environmental, electrochemical 
and materials aspects. It discusses the important mechanisms observed and provides some 
insights  on  how  these  mechanisms  contribute  to  synergy.  The  key  parameters  and 




  Each chapter contains conclusions from the experimental work. Therefore, Chapter 11 
provides overall conclusions from this research and summarises key findings. In addition, 
the novel contribution of this work towards the field of erosion-corrosion is highlighted. 
Based on the findings from this PhD research, further work in erosion-corrosion is proposed 




2  Literature review 
This literature review is divided into six main sections encompassing an overview and 
introduction  to  the  fields  of  erosion,  corrosion,  erosion-corrosion,  stainless  steels, 
electrochemical methods as well as micro and nano-scale wear processes. 
 
2.1  Erosion 
2.1.1  Fundamentals of erosion mechanisms 
 
  Solid particle erosion occurs when solid particles carried by a stream of liquid or gas 
impinge/impact against a target material causing the target material to deform, fracture or be 
removed completely [1]. Research on solid particle erosion can be characterised into three 
distinct areas of studies, which include the role of solid particles, the nature of the fluid flow 
and the study of material characteristics and its effect on erosion. 
 
In understanding the nature of erosion, Hutchings [1] clearly identified the various 
forces acting on a particle when it is in contact with a solid surface. These forces are shown 
in Figure 2.1. Solid particles entrained in a flowing liquid media would be subjected to drag 
forces exerted by the flowing fluid, gravitational forces, contact forces due to surrounding 
particles interacting with each other and the most dominant force of all is the contact force 






Inter –particle contact force
Surface contact force
 
Figure 2.1   Forces acting on a particle in contact with a solid surface as described by 




Fundamental  studies  on  erosion  mechanisms  emerged  extensively  after  the 
development of Finnie‟s [2] erosion model in the second half of the last century. He clearly 
identified material removal mechanisms for ductile and brittle material. Material removal 
occurs by a process of displacement and cutting on ductile material, while in brittle material, 
material removal is achieved through intersection and propagation of cracks [2]. Finnie‟s 
work was successful in predicting erosion for ductile material at shallow impact angles. 
However, it did not manage to predict accurately ductile erosion at normal impact angles, as 
only  the  cutting  mechanism  was  used  in  his  model.  In  1963,  Bitter  [3,4]  developed  an 
erosion model combining two separate erosion mechanisms of deformation wear and cutting 
wear. He stated that these two erosion mechanisms occur simultaneously in ductile materials.  
His model was successful in predicting erosion of ductile material at normal impact angles. 
 
  These two mechanisms of erosion have become the basis for model developments and 
are well accepted.  Extending the mechanisms of material removal due to cutting on ductile 
material, Hutchings [1] listed three basic types of material removal mechanisms based on 
impact of single particles on metals at a 30° impact angle.  The first mechanism is known as 
the  ploughing  mechanism,  in  which  particles  displace  the  material  to  the  side  or  front 
allowing subsequent impacts to remove the heavily-strained material from the crater rim.  
This  type  of  material  removal  is  common  for  rounded  particles.  For  angular  particles, 
material removal depends on whether the particle rolls forward or backwards when it is in 
contact with the surface and categorised as type I cutting or type II cutting. In type I cutting, 
the particle rolls forward and cuts into the surface creating a prominent lip which is removed 
by subsequent impacts, while in type II cutting the particle rolls backwards, and the angular 
particle cuts a chip from the surface. Graphical representations of these mechanisms are 
shown is Figure 2.2.  Only ductile erosion mechanisms will be reviewed within the scope of 


















(b) Type I cutting
(c) Type II cutting
 
 
Figure 2.2  Material removal mechanisms for ductile material at acute angles as 
described by Hutchings [1] 
 
  Levy  [5,  6]  proposed  another  material  removal  mechanism  termed  as  the  platelet 
mechanism. He argued that microcutting is not the only mechanism involved in erosion, but 
a combined mechanism of extrusion and forging occurs at all impact angles. According to 
him, platelets are formed initially causing adiabatic shear heating to occur below the surface 
with formation of a work hardened zone. Steady state erosion only begins when the surface 
is covered with craters and platelets, and after the work hardened zone has reached its stable 
hardness and thickness. In this condition, the platelets are vulnerable to being removed by 
subsequent impacts.  
 
2.1.2  Factors influencing erosion 
 
  There are numerous parameters that influence erosion, and some of these parameters 
are listed in Table 2.1. There are four major groups of factors influencing erosion that are of 
interest to researchers in this field. These four major groups are erodent properties, target 
material characteristics, fluid characteristics and flow  condition. This section will review 




Table 2.1  Factors influencing erosion  
Erodent  Material 
characteristics 
Fluid characteristics  Flow condition 
Hardness  Hardness  Viscosity  Fluid velocity 
Size  Fracture toughness  Temperature  Impact angle 
Shape  Ductility  Density   Flow trajectory 
Mass  Surface roughness    Particle interactions  
Concentration  Microstructure     
 
2.1.2.1  Velocity 
 
  Finnie [2] proposed velocity as one of the key factors influencing erosion. By solving 
the equations of motion, Finnie [2] proposed a theoretical velocity exponent n = 2 through 
the erosion mass loss versus velocity proportionality as shown in Eq. (2.1): 
 
Erosion mass loss  velocity 
n          (2.1) 
 
  Similarly, Van Riemsdijk and Bitter [7] also proposed an exponent n = 2 through the 
relationship  of  kinetic  energy.  Hutchings  [8]  introduced  a  simplified  relationship  using 
kinetic energy during impact at normal incidence, observing that at least 90% of the kinetic 
energy of the particle is dissipated through plastic deformation in the target. Neilson and 
Gilchrist [9], Tilly [10] and Sundararajan [11] also used a velocity exponent of 2 in their 
models to obtain a reasonable prediction of erosion rates. Although the velocity exponent n 
was generally agreed to be 2, various workers have reported higher values of n. Hashish 
[12], derived a value of n = 2.5 by defining a characteristic velocity term which includes 
material  strength  and  particle  density  in  his  model.  Finnie  [13]  later  re-examined  this 
velocity dependence after realising that the actual values of  n are noticeably larger, and 
modified his assumptions made in his original cutting analysis model. In the modified model, 
the resultant force during cutting was assumed to act at the centre of the material having 
contact with the particle instead of the tip of the particle, increasing the depth of cut. This 
modified analysis gave a good approximation of n values between 2.4 and 2.6 for a range of 
low impact angle cutting mechanisms. Sundararajan and Shewmon‟s [14] erosion model  
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predicted  a  velocity  exponent  of  2.5.  They  reviewed  velocity  exponents  by  numerous 
investigators and found that the velocity exponent range was between 2 and 3.3 with a mean 
value of 2.55 for most of the erosion experiments conducted. A velocity exponent n > 2 
obtained  by  numerous  investigators  is  due  to  the  complexity  of  erosion  and  various 
parameters influencing it and is not solely based on the kinetic energy exponent. The range 
of the velocity exponent n for ductile materials is generally between 2 and 3 [15]. 
 
2.1.2.2  Impact angle 
 
  Impact angle in solid particle erosion refers to the relative angle at which the particle 
strikes the target. This is an important factor in modelling solid particle erosion as it would 
determine the nature of the erosion mechanism. Two types of erosion mechanisms occur in 
ductile material. Depending on the impact angle, cutting wear is dominant at acute angles 
while deformation wear is dominant at high impact angles [3, 4]. It has been well accepted 
that maximum erosion for ductile material occurs at low angles between 30° and 40° where 
cutting mechanism dominates, while lower erosion rates are seen for high impact angles 
where deformation wear occurs. The reverse is true for brittle material. An illustration on the 
variation of erosion rate with impact angle is shown in Figure 2.3 [1]. Hutchings [8] stated 
that deformation at normal impacts occurs by platelet formation after many cycles of plastic 
deformation. A critical strain must be achieved before material removal occurs. Benchaita et 
al. [16]  and Sugiyama et al. [17] performed experiments on metallic plates eroded by a 
slurry jet at a normal impact angle and observed that the erosion depth was minimum at the 
stagnation point, increases to a maximum and decreases to an asymptotic value away from 
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Figure 2.3  Erosion rate versus impact angle for ductile and brittle materials [1] 
 
  Figure  2.4  shows  the  variation  of  wear  during  jet  impingement  at  normal  angles. 
Results from Benchaita et al. [16] and Sugiyama et al ‟s. [17] experiments reinforce the 
work by previous investigators, stating that at high impact angles (in this case on the metallic 
plate directly beneath the slurry jet) erosion of ductile material is minimal. Clark and Wong 
[18, 19] who used cylindrical specimens in a slurry pot erosion tester found that the erosion 
damage on the specimens is as shown in Figure 2.5.  Particles moving in free stream velocity 
will  impact  the  cylindrical  specimen  in  either  a  normal  or  tangential  angle.  This  will 
determine whether the specimen will undergo deformation or cutting wear.  Desale et al. 
[20] enhanced the design of the slurry pot by including an angular plate so that it would be 
able to measure the variation of wear with particle impact angle. Studying the effect of 
erodent properties on erosion, they concluded that the maximum angle of erosion wear is a 
function  of  target  material  properties  and  not  erodent  properties.  All  the  experiments 
conducted by researchers so far have provided conclusive evidence that impact angle is an 
important factor in determining the erosion mechanism, and has a large influence on erosion 
rates. The nature of the fluid flow, shape of the sample and orientation angle of the sample 
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Figure 2.5  Distribution of wear on a cylinder for ductile and brittle materials [19] 
 
 
2.1.2.3  Erodent size 
 
  One of the many factors contributing to the difficulty in predicting erosion is the 
particle size effect. Lynn et al. [21] and Clark and Hartwich [22] who performed erosion 
experiments using a wide range of particle sizes, observed that the collision efficiency of the 
particles decreased with decreasing particle size. They defined collision efficiency, η as the 
“ratio of the number of particles striking a unit area of the surface in unit time (rc) to the  
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number of particles contained within the volume of suspension swept by that area in unit 
time (ro)” [21,22].  Figure 2.6 shows a graph of increase in erosion rate with particle size. 
The  graph  does  not  show  a  linear  correlation  between  the  increase in  erosion  rate  with 
particle size for a number of reasons. Figure 2.7 illustrates the schematic of suspension flow 
of particles and the difference in collision efficiency (η) with particle size. Large particles 
suffer  less  retardation  before  impact  due  to  their  high  inertia.  Therefore,  their  collision 
efficiency will be close to unity [22]. On the other hand, smaller particles would be more 
susceptible to retardation before impact. Hence, their collision efficiency and kinetic energy 
dissipated after impact will be lower, causing a decrease in the erosion rate.  It was also 
noted that for particles less than 100 μm, the particles might fail to rebound from the surface 
due to the squeeze film effect and at smaller sizes they might even fail to penetrate the 
squeeze film and impact the surface [22]. The squeeze film theory describes that part of the 
kinetic energy of the particles will be dissipated during erosion hence reducing the particle 
impact velocity [21, 31].   
  Clark and Burmeister [31] explained that if an impact were to occur, the film of liquid 
separating the advancing particle from the surface must be displaced and this would reduce 
the effective particle velocity. This partially explains why a linear correlation is not seen 
between the increase in erosion rate with particle size, as often the collision efficiency and 
the squeeze film effect start to play a complex role in the size effect. Levy and Hickey [23] 
also related the increase in erosion rates with particle size to the kinetic energy of  each 
individual particle through the particle size and mass.  
  Shewmon [24] had similar findings stating that the rate of erosion decreases with 
decreasing  particle  size  but  with  a different reasoning.  According  to  him,  during  plastic 
deformation on the target material, heat is generated and there is a substantial temperature 
rise which softens the metals. This temperature rise also causes local plasticity leading to the 
formation of extruded lips, which can easily be removed by particle impacts. As the particle 
size decreases, there is a sharp decrease in local heating, hence a decrease in erosion rate. 
This can be looked at from a perspective that for a given sand concentration, small particles 
may not generate sufficient heat during impact. However, if the particles are too large, the 
time  between impacts  is  longer.  Hence, this  allows  the  heat to dissipate,  hindering  heat 
accumulation on the surface to generate plasticity. Therefore, there would be a threshold 
particle size at which this effect would be most pronounced. Although explanations have 
been given regarding the effect of lower kinetic energy dissipation by smaller particles after 
impact, one must also take into account particle properties such as hardness and density of 






































Particle Size (µm)  
Figure 2.6   Plot showing the variation of erosion rate with particle size for P110 steel in 
1.2 wt.% suspension of SiC of 18.7 m s






















Figure 2.7  Difference of flow around a cylindrical specimen with particle size, the   
circumferential erosion angle θ is shown for both diagrams (a) high collision 





2.1.2.4  Erodent concentration 
 
  A  simple  assumption  would  be  that  increasing  the  erodent  concentration  would 
increase  the  erosion  rate,  as  there  are  more  particles  impinging  the  target  material  [1]. 
However, in reality this relationship is slightly more complex. Turenne et al. [25] found that 
by increasing the sand concentration, the erosion efficiency decreases according to the power 
law of the sand concentration in the slurry. They justified their results with the explanation 
that an increase in sand concentration would give rise to the amount of rebounding particles 
at the surface, hence protecting the surface from incident particles. This also leads to greater 
particle-particle interaction reducing the number of particles impacting the surface. Figure 
2.8 shows a plot of erosion efficiency W/C versus sand mass concentration as observed by 
Turrene et al. [25] where W is the mass loss in mg and C is the sand mass fraction. This [25] 
explanation on the lower effective collision due to large number of particles „blanketing‟ the 
surface, would however mean that in order for that to occur, there would be a critical sand 
concentration where this phenomenon would play a significant role in influencing erosion. 
To accurately quantify this phenomenon, more studies need to be done to determine the 
number of particles striking the surface before the blanketing effect can take place.  
C (Mass fraction)












Figure 2.8  Erosion efficiency W/C versus sand mass concentration (%) as observed by  
Turenne et al. in a jet impingement rig ( velocity 17 m s
-1,  sand size 200-300 
μm) [25]  
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2.1.2.5  Erodent shape 
 
  The  erodent  shape  is  considered  as  another important  parameter  in  describing  the 
erosion mechanism of solid particles. The cutting mechanism is most effective in angular 
particles, while ploughing and deformation is the dominant mechanism in spherical particles. 
Angular particles tend to produce sharp and deep craters in the target material which form 
extruded  lips  more  easily,  while  spherical  particles  tend  to  produce  more  rounded  and 
shallow craters [1]. It is however, difficult to determine the shape angle of the particles; 
therefore  particles  are  often  described  as  angular  or  rounded  [26].  Stachowiak  [26] 
demonstrated that particle angularity causes an increase in abrasion and erosion rates. The 
Spike  Parameter  (S.P)  used  by  Stachowiak  to  define  particle  angularity  represents  the 
particle boundary by a set of triangles. The sharper and bigger the size of the triangle, the 
more erosive the particle. This is illustrated in Figure 2.9.  Experiments conducted to prove 
this were successful and showed that angular particles with high spike parameters had higher 
wear  rates,  but  did  not  rule  out  the  influence  of  other  particle  properties  like  fracture 
toughness in influencing these increased wear rates. This effect becomes hard to decouple as 
it is extremely difficult to obtain different particle shapes from the same erodent material. 
 Desale et al. [20] studied the effect of particle angularity of quartz, alumina and SiC on 
erosion wear of ductile material. Their experiments also confirmed that particles with high 
angularity and high density produce deeper craters and higher surface roughness compared 
to  particles  with  low  angularity  and  low  density.  Roy  et  al.  [27]  also  obtained  similar 








Spike parameter to define particle angularity 
represents the particle boundary by a set of 
triangles. The sharper and bigger the size of 
the triangle, the more erosive the particle. 
 




2.1.2.6  Hardness of target material and erodent 
 
  Hardness of a particle plays a significant role in solid particle erosion [1]. Particles 
with lower hardness than that of the target material cause less wear compared to particles 
which are significantly harder. The wear rate is sensitive to the ratio of abrasive hardness Ha 
to surface hardness Hs [1]. This mechanism is understood by examining the contact of an 
erodent  particle  on  a  surface.  Assuming  a  surface  material  flows  plastically,  substantial 
plastic flow will occur on the surface when the mean contact pressure exceeds three times its 
uniaxial yield stress [1]. Therefore, a minimum ratio of relative hardness of erodent to target 
material is required for wear to occur. It has been observed experimentally that abrasive 
particles of any shape will cause plastic scratching only if Ha/Hs > 1.2 [1]. This is illustrated 
in Figure 2.10 [1].  
 
  Besides particle hardness, some authors also quote fracture toughness as an important 
erodent property to consider when determining erosion resistance of a material [26]. The 
friability of the particles may affect the erosion rate as when particles impact the target, the 
tip or cutting edge of angular particles may break off during impact. This causes the particle 
shape  to  be  more  rounded,  hence  reducing  the  effectiveness  of  cutting  on  the  surface. 
Another  important  characteristic  associated  with  erosion  resistance  is  the  target  material 
hardness. Generally, the rate of material removal during erosion is inversely proportional to 
the hardness of ductile metals [28]. However, this does not apply to alloys, steels or heat 
treated metals. Alloys and steels with low strain hardening rates are susceptible to higher 
erosive wear. This relationship was verified by Clark and Llewellyn using a coriolis erosion 
tester [29].  Bulk hardness and properties of a material do not give good correlation for 
erosion rates because strain hardening on the surface of the material increases the hardness 














Figure 2.10  Diagram showing the contact between a particle under normal load and 
plane surface. (a) When Ha is greater than ~ 1.2 Hs the particle will indent 
the surface (b) When Ha is less than ~ 1.2 Hs plastic flow will occur in the 
particle [1] 
 
2.1.2.7  Fluid viscosity 
 
  Levy and Yau [30] found that erosion decreased by one order of magnitude due to the 
effect  of  increased  liquid  viscosity  in  his  experiment,  by  comparing  2  different  liquids, 
namely SRC-1 process solvent (viscosity 53 cP) and water (0.89 cP). Understanding the 
relationship of fluid viscosity to the particles, one can deduce that since the viscosity of fluid 
is its resistance to flow, the higher the viscosity, the higher the tendency of the fluid to 
decelerate the particles in motion. This deceleration would lead to a lower kinetic energy 
transferred by the particles during impact and hence lower the erosion rate. A comprehensive 
study done by Clark and Burmeister [31] showed the effect of particle velocity decelerating 
with fluid viscosity. They noticed that when they varied the viscosity of the water-glycerine 
solution,  the  impact  velocity  reduced  for  all  particle  sizes  tested.  Impact  velocity  as 
discussed  in  section  2.1.2.1  is  one  of  the  main  factors  affecting  erosion.  Therefore,  the 
reduction in velocity would directly mean less kinetic energy is transferred to the target 
material during impact and hence lower erosion rates. Increasing fluid viscosity leads to an 
increase in particle drag forces. This alters the particle impact angles, moving the particles 
away from the target material, hence reducing its collision efficiency. Figure 2.11 shows the 
effect of liquid viscosity on the relative erosion rate of copper at different velocities and 
different glass bead sizes [32]. From this graph, it is clearly observed that as the liquid 
viscosity increases, the erosion rate decreases. Smaller particles suffer large reduction of  
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velocity per particle by the high viscosities, as they have less kinetic energy leading to lower 
momentum of the particles. This increases the particle‟s probability of being deviated away 
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Figure 2.11  The effect of liquid viscosity on the relative erosion rate of copper at 
different velocities and glass bead sizes [32] 
 
2.1.2.8  Flow characteristics 
 
  In  order  to  fully  appreciate  the  complexity  of  solid  particle  erosion,  besides 
understanding the properties of the particles and target material, another important area to be 
appreciated is the fluid flow characteristics. One of the most significant contributions in this 
area was by Benchaita et al. [16] who studied the effect of flow jet impinging on a metallic 
plate (see Figure 2.12). They conducted the experiment by studying the trajectory of a single 
particle in a liquid jet distribution along a plate to determine its velocity during impact at 
normal impingement angles. They then applied a single particle erosion model and summed 
up the contribution of all erodents to determine the total erosion rate. Their observation 
showed that the wear scar takes the form of W for copper (minimum erosion at normal angle 
to the jet flow) as shown in Figure 2.4. This is consistent with theories that erosion rate is 
low at normal impact angles for ductile materials. Another important observation concerning 
particle size effect was made stating that the large spread of erosion for the smaller particles 
relates to the fact that smaller particles follow the main stream fluid flow far from stagnation 
point, while large particles tend to erode closer to the stagnation point [16]. Turrene and 
Fiset [33] conducted investigations to study the effect of trajectories of particles near the  
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surface  of  the  target  material.  They  found  that  the  particle-particle  collision  efficiency 
decreases from the stagnation point in the middle of the material beneath the jet to the 
maximum depth on the W-shaped scar. This decreases the “screening” effect of particles on 
the surface and increases the erosion rate.  
Clark [34] provided an excellent summary on the effects of fluid flow field on various 
parameters like velocity, impact angle, particle concentration, particle size, viscosity and 
target shape. More recently, Gustavsson [35] developed an erosion model using the Eulerian 
fluid modelling and incorporated cutting and deformation wear. An important element to this 
model is the shearing and normal viscous dissipation term to describe the contribution of 
ductile and brittle erosion respectively. In view of the advancement of Computational Fluid 
Dynamics (CFD), it is believed that the difficulty of solving complex multiphase equations 















Figure 2.12  Two phase flow of particles impinging on a metallic flat plate [16] 
 
2.1.3  Erosion models 
 
Many researchers have developed predictive models in order to quantify the material loss 
during erosion.  Meng and Ludema [36] surveyed 5466 papers and found that there were 
more than 182 equations for many types of wear.  From these 182 equations, 28 models were 
chosen based on a list of criteria [36]. After studying the equations, they found that a total of  
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33 different parameters were quoted in different models and each equation had an average of 
5 parameters. This paper highlighted some of the problems with the current state of wear 
modelling, together with suggestions to improve them. One of the suggestions given was for 
researchers to clearly attach full documentation, assumptions, limitations and critiques of 
models,  so  that  other  researchers  can  either  build  on  this  work  or  find  alternatives  to 
overcome limitations. This section will discuss selected erosion models and their underlying 
mechanisms and theories, based on which they were derived.  
 
2.1.3.1  Finnie’s erosion model 
 
Finnie [2] first developed an erosion model in which he stated that the wear of a surface 
due to solid particle erosion would be dependent on the particle motion entrained in the 
flowing fluid and the interaction between the particles and the surface. He developed his 
model by solving the equation of motion of a particle, assuming material removal caused by 
the particle follows a certain path along the surface of the material. In this model, the volume 
of the material removed is the result of the area swept by the particle tip and the width of the 
cutting surface. Eq. (2.2) assumes the particle tip leaves the surface while cutting, while Eq. 
(2.3)  applies  to  higher  angles  where  the  horizontal  motion  of  the  particle  ceases  while 
cutting. It allows accurate prediction of the volume of material removed at low impact angles 
but underestimates erosion at high angles, more significantly its failure to predict erosion at 
90°. This approach was recognised as unsuitable for brittle material where phenomenon like 
fracture and crack propagation occur. Finnie‟s comprehensive analysis and model formed the 
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  where  K  is  the  ratio  of  the  vertical  force  component  on  the  particle  face  to  the 
horizontal force component, p is the plastic flow stress, Ψ is the ratio of the depth of contact 
to the depth of cut, α is the angle of particle impact, m is the mass of abrasive particle, v is 
the particle velocity and Vr is the volume of material removed from the surface.  
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2.1.3.2  Bitter’s erosion model 
 
  Bitter [3, 4] in his model highlighted that there are two types of wear that occur during 
erosion.  One  is  the  repeated  deformation  during  particle  impingement  which  causes  the 
material to break loose, and the other is caused by the cutting action of free moving particles. 
He formulated his model based on the mass, velocity and impacting angles of the particle 
combined with the mechanical and physical properties of the particles and target material. 
Bitter treated the model of deformation wear and cutting wear separately in terms of its 
derivation. In his deformation model (Eq. (2.4)), he used the energy balance approach by 
assuming that the energy absorbed during collision of the particles in the surface layer causes 
deformation wear. For his cutting model expressed by Eq. (2.5) and (2.6), similar to Finnie, 
he considered two scenarios of cutting when the particle leaves the surface with a horizontal 
velocity component or a second scenario where the horizontal velocity component becomes 
zero  during  collision.  The  difference  in  which  he  treats  his  cutting  model  compared  to 
Finnie‟s  model  lies  in  the  fact  that  unlike  Finnie  who  assumes  the  material  strength 
determines the energy absorption during cutting,  Bitter relates the energy absorption (elastic 
and elastic-plastic) to the integrated product of the stress-strain curve. Another assumption 
made by Finnie is that surface roughness is proportional to the angle of attack, assuming the 
surface  becomes  rough  during  erosion.  Tests  done  at  the  Shell  lab  showed  that  surface 
roughness is a function of mechanical properties, particle size, particle shape and impact 
angle  [3,4].  So  the  surface  roughness  must  be  caused  by  some  other  factor  which  he 
attributed to the repeated deformation of particles at higher angles. Taking this into account, 
his model gave a good approximation of erosion even at high angles, which Finnie‟s model 






U sin v m

























U sin v k cos mv





  where m is the total mass of impinging particles, WD is the total deformation wear, C1 
is a constant dependent on density and elastic load limit, Wc1 is the cutting wear unit volume 
loss when the horizontal velocity component v ≠ 0 when it leaves the body surface, Wc2 is the 
cutting wear unit volume loss when the horizontal velocity component = 0 during collision, ʱ 
is the impact angle, ρ1 is the energy needed to scratch out a unit volume from surface or 
cutting wear factor, Up is the maximum particle velocity at which the collision is purely 
elastic,  γ  is  the  energy  needed  to  remove  a  unit  volume  of  material  from  the  body  by 
deformation wear or the deformation wear factor and k1 is the constant based on mechanical 
properties. 
 
2.1.3.3  Hashish’s erosion model 
 
  Hashish  [12]  expanded  Finnie‟s  model  to  overcome  deficiencies  in  some  of  the 
experimental observations such as higher velocity exponents (n > 2) as described in section 
2.1.2.1. Other factors that were taken into account were the particle shape and density, see 
Eq. (2.7). In Finnie‟s model, he assumed that the width of the cut does not vary in a two 
dimensional analysis, and this was considered in Hashish‟s model. Hashish introduced a 
characteristic  velocity  CK  expressed  by  Eq.  (2.8)  which  combines  particle  and  material 
characteristics including material flow stress, particle density and particle shape factor. He 
also took into account Bitter‟s equation for deformation wear, which included a threshold 
velocity  which  defined  an  angle  below  which  only  elastic  deformation  would  occur. 
However, he applied flow stress as the material property used to remove a unit volume by 
deformation  wear.  This  was  deemed  as  a  good  approximation  of  the  amount  of  stress 
required to deform the material. The effect of hydrodynamic loading was included in his 





















C              (2.8) 
 
  where E  is the  ratio of the mass of material removed to the mass of abrasive particle, 
CK is the modified characteristic velocity that combines material and particle characteristics,  
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σs is the material flow stress, Rf  is the  particle roundness, ρm is the density of the target 
material and ρp is the density of the particle.   
 
2.1.3.4  Hutchings’s erosion model 
 
Hutchings  [1] developed  two  models  for erosion  at  low  impact  angles  and  high 
impact angles as shown in Eq. (2.9) and (2.10) respectively. These models assume that the 
problem can be analysed quasi-statically and ignore the effect of strain rate sensitivity of the 
material.  In Eq. (2.9), it is assumed that the particle indents the material and forms a rim of 
plastically deformed material around the indentation which is removed as wear debris. This 
is schematically illustrated in Figure 2.13. As the particle indents the target material at a 
constant indentation pressure (hardness), it will come to rest at a certain depth at which the 
work done is assumed to be equal to the initial kinetic energy of the particle. Each impact 
would  displace  the  material  from  the  indentation  formed.  However,  it  would  only  be 
removed as wear debris once it has undergone several cycles of plastic deformation or has 
become severely work hardened. The efficiency of material removal K, in this process is 
typically between 5 x 10
-3 and 10
-1 [1]. The velocity exponent n is about 2 and is also a 
function of the impact angle, θ.  
 
The model given in Eq. (2.9) is suitable for wear modes at shallow impact angles 
where cutting action occurs. At higher impact angles or for spherical particles, the cutting 
mechanism does not occur. Hutchings [1] modelled it by two ways. In the first case, he 
assumed that the material becomes detached when the accumulated plastic strain reaches a 
critical value, and in the second case he assumed that the problem could be treated as low-
cycle fatigue. In both cases he reached the same conclusion and modelled it in Eq. (2.10). 
The  fundamental  difference  between this  model  and  the  model for  cutting  is the  higher 
velocity exponent of 3 presented in this model and the fact that the new parameter ʵc which is 
the critical strain to failure is introduced. He cautioned that erosion occurs on heavily strain-
hardened material at very short time scales, which leads to extremely high strain rates [37]. 
For normal impacts of sphere on a rigid-plastic surface, the mean strain can be modelled 
through  Eq.  (2.11).  Strain  rates  up  to  10
6    s
-1  are  experienced  during  erosion  processes.  
Figure 2.14 shows the mean plastic strain rate predicted by Eq. (2.11) for different velocities 
and particle radii inputs [37]. Higher strain rates are seen for smaller particles as the impact 

























E   (2.10) 
 
 















 where Hs  is the hardness of the target material, K1 & K2 are the fraction of the material 
displaced from the indentation as wear debris, ρm is the density of material being eroded, ρs is 
the density of spherical particles, ʵc is the critical plastic strain where detachment of wear 
particles occur,   is the mean plastic strain rate, rp is the radius of the spherical particle and 
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Figure 2.13  Schematic showing the rim of plastically deformed material around an 








































Figure 2.14  Mean strain estimated by Eq. (2. 11) for impact of steel spheres of varying 
radii on to a steel surface. Solid lines – purely elastic behaviour, broken lines 
– perfectly plastic behaviour [37]. 
 
Bahadur [38] in a review on the structure of erosive models, stated that it is not surprising 
that there exists inadequacies in erosion prediction models, considering the multiplicity of 
variables involved and the dynamic interaction between the particle and target materials. He 
listed some of the complications in modelling erosion as given in Table 2.2. 
 
Table 2.2  Complexity in modelling erosion [38] 
Parameter  Complexity 
Strain rate  High strain rate deformation - a function of impact velocity, particle geometry, 
target material characteristics. 
Temperature  Localised temperature rise – a function of the particle mass, velocity and 
concentration of the fluid stream, coefficient of restitution, indentation and 
thermal characteristics of the target material. 
Particle interaction    Inter-collision between the incoming and reflected particles. 
  Particle fragmentation 
  Embedment of particles on the impacting surface 
Target material    Work hardening and annealing effects 
  Change in impingement angle due to crater formation. 
  Measuring hardness and ductility under dynamic conditions  
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2.2  Corrosion 
2.2.1  Fundamentals of corrosion mechanisms 
 
  Corrosion  is  defined  as  the  degradation  of  a  metal  when  it  undergoes  an 
electrochemical reaction with the environment [39-44]. This phenomenon has a potential to 
cause catastrophic failures to materials if the causes and prevention of corrosion are not well 
understood. There are many types of corrosion that can occur in the environment namely 
uniform,  pitting,  crevice,  galvanic,  intergranular  and  flow-induced.  This  section  of  the 




















Figure 2.15  Schematic diagram showing the electrochemical process that occurs during 
corrosion 
 
  The  schematic  diagram  shown  in  Figure  2.15  describes  a  simple  electrochemical 
reaction that occurs during corrosion. For corrosion to take place, a few essential elements 
have to be present to allow electrochemical reaction to occur. These elements are an anode, a 
cathode, an electrolyte and some form of connection between the anodic region and the 
cathodic region. The anode and cathode do not have to be from two separate metals, it could 
be from different regions of the same metal. Assuming the anodic and cathodic regions are 
from the same metal, we shall consider the reaction that occurs in Figure 2.15 using iron as 











Cathodic reaction (Reduction reaction) 
-
2 2 4OH   4 O H 2 O e   (2.13) 
 
Overall reaction   - 2 e 4
2 2 OH 4 Fe O 2H O Fe  
  (2.14) 
 
 
When the anodic region of the iron is oxidised into ions, it produces electrons (Eq. (2.12)). 
These electrons are consumed at the cathodic region, where the reduction cathodic reaction 
occurs as shown in Eq. (2.13). The overall reaction is shown in Eq. (2.14). These equations 
reflect the simplest form of electrochemical reaction that takes place during corrosion. 
 
2.2.1.1  Passivity 
 
  Passivity is when a metal susceptible to corrosion, experiences a lower corrosion rate 
in a given environmental condition [44]. The reason for passivity is attributed to a passive 
layer that is formed on the metal surface protecting it from corrosion. The passive film is 
formed through the reaction of the metal with the environment and usually forms metal 
oxides  that  prevent  charge  transfer  across  the  metal  surface,  hence  preventing  chemical 
reactions.  The  passive  film  is  important  as  it  reduces  the  corrosion  rate.  Typically,  the 
thickness of a passive film is between 1 and 10 nm [45].  Passivation is the terminology used 
to describe the transition from an active state to a passive state. Due to the presence of a 
passive film, the dissolution rate of the passive metal is lower than an active metal at a given 
potential.  The  ideal  polarization  curve  of  a  passivating  metal  can  be  divided  into  three 
potential regions as follows [45]: 
 
  the active region 
  the passive region 
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Figure 2.16   Variation of partial anodic current density with passivating metal potential 
[45] 
 
  Figure 2.16 shows the variation of anodic partial current density with respect to a 
given applied potential [45]. The passivation potential Ep clearly distinguishes the region 
between the active potential and the passive potential. The passive current density ip provides 
information on the dissolution  rate of the metal in the passive potential region, while the 
current density at the maximum of the passivation potential is the passivation current density 
ia.  The  transpassivation  potential  Eb  distinguishes  the  region  between  passive  and 
transpassive behaviour. From the graph, it is observed that beyond the transpassive region, 
the anodic partial current density increases rapidly with increasing potential. The reason for 
this may be due to uniform transpassive dissolution caused by passive film oxidation, pitting 
occurrence or oxygen evolution [45]. 
 
  The  passive  film  however,  can  also  breakdown  electrochemically,  chemically  and 
mechanically [44].  In the context of this thesis, we shall consider mechanical breakdown 
due to solid particle erosion as the dominant mechanism. Figure 2.17 shows the experimental 
results obtained by Sasaki and Burstein [46] that depicts the linear trend between impact 
energy and mean peak current. They also noticed that there was a minimum impact energy 
below which there was no current transient and suggested that below a certain threshold, the 
impact  would  only  cause  elastic  deformation  and  no  plastic  flow.  This  threshold  also 
depends on the impact angle of the particle, where there exists a sharp current cut-off at 0.03 
μJ for a 90° impact angle and 0.037 μJ for 50°. Below these impact energies, there is no 
anodic current transient observed.  
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Figure 2.17  Experimental results depicting the linear trend between impact energy and 
mean peak current observed by Sasaki and Burstein [46] 
 
   Conditions of passivity, immunity and corrosion can also be shown using a Pourbaix 
diagram. The Pourbaix diagram illustrates the relationship between the potential and pH and 
its influence on the stability of different species [39]. A typical Pourbaix diagram for iron 
(Fe)  is  shown  in  Figure  2.18  [39].  The  diagram  is  divided  into  three  main  regions  of 
corrosion, immunity and passivity which vary with pH and applied potential. A general trend 
is seen where a metal at low pH (acidic conditions) and high negative potentials is seen to be 
in an immunity state, while at low pH and more positive potentials, the metal is seen to be in 
a corrosion state. A metal is in a passive state at high pH and positive potentials (alkaline 
conditions). Figure 2.18 also shows the stability of the species such as Fe, Fe
2+, Fe
3+





(aq)  is  in  the  three  different  states.  This  diagram  serves  to  illustrate  that 
depending on the solution pH and the applied potential, the metal iron can be in various 
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Figure 2.18  Pourbaix diagram for iron (Fe) showing regions of corrosion, passivation 
and immunity 
 
2.2.2  Flow corrosion 
 
Flow corrosion occurs when a metal is exposed to a flowing corrosive fluid and the 
corrosion rate is accelerated by the motion of the flowing fluid [43]. Heitz [47] identified 
four  types  of  flow  induced  corrosion,  namely  mass  transport  controlled,  phase  transport 
controlled, erosion-corrosion and cavitation. Figure 2.19 illustrates the four types of flow 
induced corrosion. This section of the literature review will discuss mainly on mass transport 
controlled corrosion. Heitz [47] described the mass transfer process as convective diffusion 
where there is convection in the bulk solution and diffusion on the surface of the material. 
He highlighted some of the important fluid mechanics parameters, which are highlighted 























Figure 2.19  Types of flow induced corrosion [47] 
 
 
  Reynolds number, Rep is the ratio of inertial forces of the fluid divided by the viscous 
force. This dimensionless number provides information on the type of flow whether it is 
laminar, turbulent or transitional. It could possibly be described as one of the most important 






Re   (2.15) 
 
   where V is the fluid velocity, d is the characteristic length dimension and νk is the 
kinematic  viscosity.  Schmidt  number  Sc,  which  is  given  by  Eq.  (2.16)  is  another 










   where D is the diffusion coefficient. Sherwood number Sh, represents the ratio of total 
mass transport of the fluid divided by the mass transport due to molecular diffusion in the 
fluid, and can be used to obtain the mass transfer coefficient as shown in Eq.(2.17). The 
relationship between the Sherwood number, Reynolds number and the Schmidt number is 












p Sc Re a Sh   (2.18) 
 
  where a, b, c are constants. The mass transfer coefficient can also be derived from Eq. 
(2.19) where the rate of reaction, J, is a product of the mass transfer coefficient km and the 
concentration gradient ΔCg.  
 
g m C k J   (2.19) 
 
  Other parameters that are also considered important in flow corrosion are the fluid 
velocity itself, V and the wall shear stress τw which is a direct measure of the viscous energy 




w     (2.20) 
 
  where µ is the dynamic viscosity of fluid, and 
dy
du   is the velocity gradient at the wall. 
Wall shear stress is another parameter that affects the removal of the passive film due to the 
force exerted by the fluid on the surface of the metal that may cause removal of the corrosion 
products [49]. This section will review the flow corrosion hydrodynamic relationships of a 
jet impingement rig, as the relationships for a slurry pot erosion tester have not been well 
established.  Effird [50] suggested that the mass transfer coefficient and the wall shear stress 







m Sc 24 . 17 k  Sc > 100        (2.21) 
 
  where  ρf  is  the  density  of  the  fluid.  He  used  a  jet  impingement  rig  to  obtain  a 
relationship between the wall shear stress and jet flow rate from the ferricyanide reduction 
experimental data. The relationship is shown in Eq. (2.22): 
 
8 . 1
r w Q 852       (2.22) 
 
   where Qr is the flow rate in l/min. A correction factor was also given to correct the 
wall shear stress for other test fluids. Previously, Effird et al. [51] had tried to correlate steel 
corrosion in a pipe flow by using a jet impingement rig and a rotating cylinder. The jet 
impingement rig used to measure flow accelerated corrosion has a stagnation zone in the 
middle and its velocity component varies from the axial point to the radial point on the plate. 
Figure  2.20  shows  the  hydrodynamic  characteristics  of  jet  impingement  on  a  flat  plate 
showing  four  characteristic  flow  regions  [51].  Region  A  is the laminar stagnation  zone, 
region B is the high turbulence transition zone, region C is the low turbulence wall jet zone, 
region D is the hydrodynamic boundary layer. Symbols rj, U0 and H are the jet radius, jet 
velocity and jet nozzle to plate height respectively. The rotating cylinder on the other hand, 
has an advantage that transition from laminar flow to turbulent flow can occur at low rotation 
speeds. The results from their tests showed that the rate of corrosion increases as the wall 
shear stress increases in both rigs. The relationship between shear stress and corrosion rate is 
generally given by: 
 
b
w corr a R   (2.23) 
 
  where Rcorr is the steel corrosion rate and a and b are constants. Values of a = 7.7, 6.8 
and 2.8 were obtained for pipe flow, jet impingement and rotating cylinder respectively. 
Values for the constant b were evaluated to be between 0.095 and 0.103 for each system. The 
lower values for the rotating cylinder were believed to be due to the drag coefficient data, 
which had significant turbulent shear forces and did not interact with the cylinder surface in 

















Figure 2.20  Hydrodynamic characteristics of jet impingement on a flat plate showing 
four characteristic flow regions [51]. 
 
  Rao and Trass [52] found that the mass transfer coefficient could be obtained using the 
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a   ≥ 6.5                 (2.25) 
 
  where an is the nozzle tip to plate stand-off distance and d1 is the nozzle diameter. The 




a   above and below 6.5 was because below 6.5, 
the jet is still in a transition region and only above this did the jet exhibit a fully developed 
profile. Their data showed similarity with heat transfer studies in the wall jet region, except 
at  the  stagnation  region  where  the  erosion  factor  was  observed  to  give  a  difference  in 
Reynolds number dependency for heat transfer coefficients and mass transfer coefficients. In  
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a radial wall jet experiment conducted by Dawson and Trass [53], the following expression 
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0.25  for Sc ≥ 100      (2.26) 
 
  x1 is the radial distance from the stagnation point and d2 is the jet diameter. Their 
results showed good correlation with their predicted theory at low Schmidt numbers but 
discrepancies were observed at high Schmidt numbers. A couple of causes were provided to 
explain  this  phenomenon.  It  was  proposed  that  mechanical  erosion  of  the  surface  may 
contribute to the total mass transfer and surface roughening altering the convective transfer. 
 
  Poulson [49] has however argued that wall shear stress may not contribute to the 
removal of corrosion products. According to him, it is difficult to measure the wall shear 
stress  and  there is no evidence  that  it removes  the  corrosion  products.  It  has  been  well 
established that mass transfer has an effect on flow corrosion. However, more studies need to 
be done to determine whether wall shear stress has any contribution to flow corrosion. 
 
 
2.3   Erosion – corrosion 
2.3.1  Introduction 
 
  In previous sections, the topic of erosion and corrosion were reviewed separately. In 
this section, the combined action of erosion and corrosion, termed erosion-corrosion will be 
reviewed.  Only solid particle erosion-corrosion will be considered within the scope of this 
work.  Erosion-corrosion can be described as the wear caused by the combined action of the 
mechanical process of solid particle erosion and the electrochemical process of corrosion. 
This phenomenon is a common occurrence in the oil and gas industry, mining industry, 
chemical plants, power plants and desalination plants where it causes damage to the fluid 
handling equipment such as pumps, impellers, valves and turbines. This may lead to the need 





2.3.2  Synergy/Antagonism 
 
  Synergy is described as the additional wear rate experienced by a metal, which is 
higher than the sum of wear rates due to pure erosion and flow corrosion. Synergy of a 
material can be expressed by Eq. (2.27) and (2.28) [54, 55]: 
 
 T = E + C + S  (2.27) 
 
S = T - (E+ C)  (2.28) 
 
where T is the total wear rate due to erosion-corrosion, E is the wear rate due to pure erosion, 
C is the wear rate due to flow corrosion and S is the additional wear rate due to synergistic 
effects.  Synergy is said to be positive when the total wear rate due to erosion-corrosion is 
higher than the sum of the wear rates due to pure erosion and flow corrosion. Negative 
synergy  (antagonism)  is  expressed  if  this  difference  is  lower.  Synergy  comprises  the 
following components: 
 
S =ΔC+ ΔE  (2.29) 
 
where  ΔC is the erosion enhanced corrosion rate and ΔE is the corrosion enhanced erosion 
rate. Wood and Hutton [55, 56] who performed a study on synergistic trends in published 
results which included cavitation erosion and slurry erosion, found that synergy could be 
categorised  into  two  groups,  namely  medium  synergy  and  high  synergy.  A  best  fit  line 
expressed by Eq. (2.30) and (2.31) were obtained for these groups:  
 
Medium synergy group 
 





S   (2.30) 
 
High Synergy group 
 





S   (2.31) 
 
For the medium synergy group, a synergistic effect of approximately 30 percent was found, 
while for the  high  synergy  group,  a  synergy  of  more  than  60  percent  was reported.  A  
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magnification factor (Mf) defined as the ratio of the total erosion-corrosion rate divided by 




M f   (2.32) 
 
The magnification factor is useful in understanding the additional wear rate due to erosion -
corrosion, where a ratio of less than 1 would mean negative synergy is present  whereas 
positive synergy is present if this ratio is more than 1.   
 
  Other  investigators have used different terms to express the interaction between 
erosion-corrosion.  Another  relationship  used  to  express erosion -corrosion  interaction  is 
shown in Eq. (2.33) [57-59]:   
 
c e eo co ec K K K K K   (2.33) 
 
where  Kec  is  the  total  erosion-corrosion  rate,  Kco  is  the  corrosion  rate  in  the  absence  of 
erosion,  c K  is the effect of erosion on corrosion , Keo is the erosion rate in the absence of 
corrosion and  e K  is the effect of corrosion on erosion [57-59]. Essentially, the fundamental 
definition of Eq. (2.33) is similar to Eq. (2.27) and (2.29), but the only difference is the terms 
used  by  different  investigators.  Section  2.3.3  and  2.3.4  will  review  in  more  detail  the 
synergistic effects and interaction between erosion enhanced corrosion (ΔC) and corrosion 
enhanced erosion (ΔE). 
 
2.3.3  Erosion enhanced corrosion (ΔC) 
 
  Stack et al. [57] developed an erosion-corrosion map with the aim of identifying the 
transition between erosion-corrosion regimes using a rotating cylinder electrode apparatus. 
They  found  that  the  passive  current  density  increased  with  increasing  velocity  in  the 
presence of erodents and at a minimum velocity of 2 m s
-1, the presence of particles did not 
cause any effect on the passive current. Only after the velocity was increased to 4 m s
-1 did 






  Aiming et al. [60] who conducted erosion-corrosion tests on stainless steel in wet 
phosphoric acid (pH = 1) and gypsum using a slurry impeller apparatus, found that there was 
also a critical velocity of 12 m s
-1 where the corrosion rate increased. This was attributed to 
the surface passive layer being removed at high velocities. Another important observation 
from their experiment was that the corrosion and erosion-corrosion wear rates increased with 
an increase in temperature from 40 °C to 80 °C. According to them, erosion can enhance 
corrosion by removing the passive film and exposing the metal surface to the corrosive 
medium. If the metal is unable to repassivate fast enough, then there will be significant 
corrosion. This explanation has also been provided by other authors [56, 61-66].  
 
As discussed in section 2.2.2, the mass transfer coefficient varies with flow rate and 
affects corrosion rates. Erosion can increase the mass transfer coefficient by a number of 
methods [67]. The first mechanism is through  the removal of corrosion  products on the 
surface of the material. Erosion also has the effect of increasing the turbulence intensity 
when particles interact with the boundary layer. Another mechanism in which erosion can 
increase the mass transfer coefficient is by roughening the surface, leading to an increased 
electrochemical activity as it allows localised corrosion to take place. This occurs due to the 
formation of micro-galvanic cells on the surface promoting the coupling between the anodic 
and cathodic sites at a micro and/or nano level which causes localised corrosion. 
 
  Pitting has been observed by many investigators during erosion-corrosion [68-72]. In 
studying the initiation of corrosion pits by slurry erosion on stainless steel, Burstein and 
Sasaki [71] found that below a pitting potential, slurry erosion causes formation of more 
metastable pits compared to  non-erosive  conditions.  This  was  believed to be  due to the 
continuous rupture and removal of the passive film by solid particle impacts. The higher the 
number of impacting particles, the higher the number of metastable pits formed, leading to a 
higher probability of reaching stable pits. 
 
2.3.4  Corrosion enhanced erosion (ΔE) 
 
  Li  et  al.  [54]  proposed  a  mechanism  for  corrosion  enhanced  erosion.  A  jet 
impingement rig was used to erode aluminium in aqueous slurry and it was identified that 
detachment of metallic flakes was the main wear mechanism during erosion-corrosion. It 
was observed that the flakes tend to be removed by cracking in fragments after multiple 
erodent impacts, unlike pure erosion, where the flakes were removed by ductile fracture. It 
was concluded that corrosion enhances erosion by localised attack at sites where the passive  
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layer is ruptured during impact. This localised corrosion phenomenon initiates cracks at the 
root of the flakes and propagates with particle impacts, making the flakes vulnerable to 
detachment. This leads to an enhanced erosion rate.  
 
  In  addition  to  the  suggested  mechanisms  provided  for  the  effect  of  corrosion  on 
erosion,  Aiming  et  al.  [60]  also  provided  several  mechanisms  for  corrosion  enhanced 
erosion. The first proposed mechanism was due to the fact that corrosion normally starts at 
grain boundaries.  Neville et al. [73] and Toro et al. [74] have observed this phenomenon 
experimentally.  Neville et al. [73] who performed erosion-corrosion tests on grey cast iron, 
noticed that there were corrosive attacks at the graphite/matrix interface. It was proposed that 
this would cause loosening of intermediate grains of metals and subsequent removal by 
particle impact. Toro et al. [74] also suggested intergranular corrosion as a mechanism for 
material removal of the metallic matrix for the unnitrided stainless steel specimens. 
 
  The second mechanism suggested by Aiming et al. [60] is that the degradation of the 
mechanical properties of the metal due to corrosion reduces its wear resistance, making it 
more  susceptible  to  erosion.  However,  no  details  were  provided  on  which  mechanical 
property might be affected by corrosion. Matsumura et al. [75] suggested another possible 
mechanism on how corrosion can enhance erosion. As the particle impacts the passive film 
and damages it, dissolution of the surface leads to the elimination of the work hardened layer 
and increases the surface roughness. This effect could cause enhanced erosion rates as now 
the particle is able to penetrate deeper into the surface. Wood and Hutton [55,76]  as well as 
Wang and Stack [77] have also provided an excellent review on the interactions between 
erosion, corrosion and critical parameters influencing erosion-corrosion.  
 
 
2.3.5  Erosion-corrosion test rigs 
 
In order to determine the total wear rate caused by the combined effect of erosion 
and corrosion, various rigs have been designed to measure this effect. This section will 
review the working principles of some of the commonly used rigs and discuss the advantages 






2.3.5.1   Slurry pot erosion tester 
 
  The slurry pot erosion tester [18, 19 and 22] which is normally used for erosion testing 
can also be used for erosion-corrosion experiments by changing the slurry medium to  a 
corrosive slurry. Cylindrical specimens are placed on a specimen holder at the end of the 
shaft which is rotated in a slurry pot using a motor. The motor is connected to the shaft 
through a toothed belt and a pulley. The speed of the motor is controlled by adjusting the 
frequency of the variable speed drive. The advantage of using a slurry pot is that the slurry 
and erodent which are contained within the pot can be handled easily. This rig also produces 
repeatable and reproducible results with low errors. The disadvantage of using this rig is that 
the impact angles of the erodent cannot be controlled due to the rotating flow field of the 
slurry. The cylindrical sample geometry also makes polishing of the test sample difficult. A 
more detailed explanation on this test rig which is used in this work is given in Section 3.3.2.  
There are also other designs of the slurry pot used by other researchers [20, 66]. However, 
the basic principle of the rig remains the same, where the sample is placed in a pot while 
being eroded by a rotating flow field.  
 
2.3.5.2  Jet impingement rig 
 
  The jet impingement apparatus shown in Figure 2.21 is one of the various rigs used to 
simulate erosion-corrosion conditions in a controlled laboratory environment [27, 78, 79]. 
The rig consists of a large reservoir tank to store electrolyte which is pumped through an 
ejector to the specimen [80]. The erodent is introduced into the system by allowing the 
pressure drop across the nozzle (which creates a region of low pressure) to lift the sand to the 
ejector. Electrochemical measurements can be made by placing the counter and reference 
electrode just before the nozzle and connecting them to the working electrode which in this 
case is the specimen itself [80]. The advantage of this rig is that the velocity and the impact 
angle of the erodent can be controlled by adjusting the nozzle and sample holder angle 
respectively.  The  disadvantage  of  using  this  rig  is  that  the  sand  concentration  can  be 
inconsistent if the suction tube is blocked with erodents as it relies entirely on Bernoulli‟s 





Figure 2.21  Schematic of a jet impingement rig [80] 
 
2.3.5.3  Coriolis erosion tester 
 
  The  coriolis  erosion  tester  shown  in  Figure  2.22  [81-83],  uses  a  combination  of 
centrifugal and coriolis acceleration in a rotating rotor to pass slurry across the test surface. 
This causes the erodent to move against the surface and cause wear erosion. It consists of a 
rotor which fits two specimen holders on either side. Erodent is channelled from the slurry 
inlet pot from the central chamber outwards as the rotor is rotated. The erodent impinges 
against the test surface as a result of coriolis acceleration. The advantage of using a coriolis 
erosion tester is that the mixture of elastic and plastic deformation that occurs during the test 
simulates industrial equipments quite well. The disadvantage with this rig design is that the 
contact mode depends on the slurry concentration. When the slurry is concentrated, particle 
rebounding is limited by particle interaction and many particles slide along the specimen 





















Figure 2.22  Schematic of a coriolis erosion tester [83] 
 
2.3.5.4  Pipe flow loop 
 
  Erosion–corrosion is a serious problem in pipelines transporting slurries. Laboratory 
simulations of erosion-corrosion tests often do not reflect the reality of erosion-corrosion that 
occurs in pipelines. In order to overcome this problem, some investigators have conducted 
experiments on pipe flow loops [84, 85]. Although most of the pipe flow loops are often 
scaled down to laboratory sizes, the flow field can still be predicted in an accurate manner. 
Using a pipe flow loop, erosion-corrosion effects on actual geometries of pipe bends, tees, 
and elbows could be investigated. Flow loops consist of a stirrer slurry tank where the slurry 
is stirred and acts as a reservoir to store the slurry [84, 85]. The slurry is then pumped from 
the tank to the loop and recirculated back to the tank. Besides being able to predict erosion-
corrosion on actual pipe geometries, the pipe flow loop can also use actual pipe thickness to 
calculate the eroding rate. Electrochemical measurements can be done randomly at points of 
interest along the pipe. This type of experimental technique is rarely used due to the high 
cost of construction, maintenance and due to space limitation within a laboratory. 
 
2.3.5.5  Rotating cylinder 
 
  Another rig which has been used to study erosion-corrosion is the rotating cylinder 
electrode [86-89]. This rig consists of an inner cylinder which is mounted on an enclosed 







Slurry outlet port 
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of the vessel to provide a hydrodynamically smooth surface [87]. The working electrode is 
placed in the middle of the inner rotating cylinder, while the reference electrode is placed on 
a  side  arm  outside  the  test  cell,  connected  to  the  system  by  an  electrolyte  bridge.  The 
advantage of this rig is that it is easy to operate and construct. Besides that, the rotating 
cylinder electrode with its well characterised hydrodynamics can be used to study the effect 
of  solid  particle  erosion  on  the  mass  transfer  process  [89].  On  the  other  hand,  the 
disadvantage  of  this  rig  is  that  similar  to  the  slurry  pot,  the  impact  angles  cannot  be 
















Figure 2.23  Schematic of a rotating cylinder [86] 
 
2.4   Stainless Steels 
2.4.1  Introduction 
 
Stainless steels are defined by ASM International as iron based alloys that contain a 
minimum of 11% chromium, which allows it to be corrosion resistant in the atmosphere 
[90]. The corrosion resistance of stainless steel is achieved through the formation of a thin 
chromium  oxide  film  layer  on  the  surface  of  the  metal  which  inhibits  corrosion  [91]. 
Stainless steels can be divided into five types namely martensitic, ferritic, austenitic, duplex 
(combination of austenitic plus ferritic) and precipitation-hardenable alloys. The images of 
the microstructures of the first four groups are shown in Figure 2.24 (a)-(d) [97].   
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  The material used in this work, UNS S31603, is an austenitic stainless steel with iron 
as its primary constituent. There are three allotropic forms of solid iron namely the low 
temperature  phase  (ferrite,  ʱ),  the  medium  temperature  phase  (austenite,  γ)  and  high 
temperature phase (ferrite, ʴ) [92]. The ʱ and ʴ phases are called ferrite because they are 
essentially the same and the only difference between them are the temperature ranges [92]. 
Austenitic stainless steels have a face centred cubic structure (fcc) and are based on alloying 
elements  that  promote  ferrite  and  austenite  formation.  The  main  ferritizing  element  is 
chromium, while the main austenitizing element is nickel. Stainless steels are based on the 
iron-chromium binary diagram, iron–chromium-carbon ternary diagram and the iron-nickel-
chromium ternary diagram [90]. The iron-chromium binary diagram given in Figure 2.25 
shows the effect of chromium, where at temperatures below the solidus, bcc chromium forms 
a continuous solid solution with bcc (ʱ) ferrite. Observing this diagram closely it can be seen 
that at lower temperatures, the γ iron phase forms at the iron side of the diagram and forms a 
loop extending to approximately 11% chromium. The γ iron phase does not appear in the 
diagram when the chromium composition exceeds about 12.7%.  
 
   
   
 
Figure 2.24  Different microstructures of stainless steels (a) austenitic (b) ferritic (c) 
martensitic (d) duplex (combination of austenitic plus ferritic) [97] 
 
(a)  (b) 
(d)  (c) 
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        25μm 
        100μm 





Figure 2.25  Binary iron-chromium phase diagram [90] 
 
 
Austenitic stainless steels can be best understood by analysing the iron-chromium-
nickel ternary phase diagram at 1100°C, shown in Figure 2.26 [90]. This is the temperature 
with the highest austenite stability. Iron, chromium and nickel are the three elements which 
primarily make up the structure of austenitic stainless steels. Iron changes from the body 
centre cubic ʱ phase (ferrite) to the face centre cubic γ (austenite) phase at 912°C. However, 
the addition of chromium reduces the range where the face centre cubic structure is stable as 
shown  in  Figure  2.25  [93,  94].  Austenite, the  medium  temperature  form  of  iron  can be 
maintained at room temperature with the addition of an appropriate alloying element [94-96]. 
The iron-chromium-nickel ternary diagram when compared with the iron-chromium phase 
diagram  depicts  that  the  addition  of  nickel  extends  the  austenite  phase.  Nickel  is  an 
important element added to stainless steel as it significantly affects its structure, properties 
and corrosion resistance [94-96]. It stabilizes the γ-form of iron and widens the range of 
temperature within which it is stable. Stainless steel 316 will sometimes contain a minor 
amount of ʴ ferrite because of the ferrite stabilizing element (chromium) which is present in 
the material [97]. The low carbon content of UNS S31603 in fact has a greater tendency 




Figure 2.26  Equilibrium iron-nickel-chromium phase diagram at 1100 °C [90] 
 
  Mechanical  properties  of most  stainless  steels  are  usually  better  than  carbon steel 
especially in terms of its ductility and toughness [98]. Table 2.3 shows some mechanical 
properties of UNS S31603 at room temperature. Austenitic stainless steels have excellent 
cryogenic  properties  and  high  temperature  strength  [98].  They  are  non  magnetic  in  the 
annealed condition and can be hardened only by cold working. Austenitic stainless steels 
cannot be hardened by heat treatment or quenched to form martensite because they will 
remain austenitic at room temperature [98]. UNS SS31603 used in this work consists of 
various alloying elements and the specific functions of these elements are given in Table 2.4. 
 
Table 2.3  Mechanical properties of stainless steel UNS S31603 [98] 
Product 
Form 












Forgings  Annealed  450  170  40  50  - 
Bar  Hot  finished  and 
annealed 
480  170  40  50  - 
Bar  Cold  finished  up  to 
13  mm  thick  and 
annealed 
620  310  30  40  - 
Bar  Cold finished up over 
13  mm  thick  and 
annealed 
480  170  30  40  - 
Wire
1  Annealed  480  170  35
1  50
1  - 
Wire
1  Cold finished  620  310  30
1  40  - 
Plate,  Sheet, 
Strip 
Annealed  485  170  40  -  95 max 
 
1 For wires 3.96 mm and under, elongation and percentage reduction in area shall be 25 and 40% respectively  
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2.4.2  Erosion-corrosion of stainless steel 316 
 
  Austenitic stainless steels, such as UNS S31603, are widely used in buildings and 
structural material, chemical, petrochemical, nuclear, desalination and petroleum industries 
where  the  requirement  of  a  corrosion  resistant  material  to  withstand  the  aggressive 
environments is of key importance [91, 93,99-101]. However, when this material is exposed 
to erosion-corrosion conditions, the rupture of the passive film by solid particles suspended 
in the corrosive fluid, can lead to passive film breakdowns [102]. This significantly enhances 
the  corrosion  rate  of  SS316.  This  phenomenon  often  referred  to  as  erosion  enhanced 
corrosion is dependent on many environmental factors and many researchers have attempted 
to quantify synergistic rates for SS316 [62, 64, 66,103-106]. A summary of synergy levels 




Element  Percentage 
Weight (%) 
Function 
Chromium  16.7  Provides stainless steels with its corrosion resistance through the formation of a 
thin adherent chromium oxide film layer. 
Manganese  1.39  Performs many similar functions of nickel. Increases slightly the hardness of 
iron when it is quenched, improving the mechanical properties of the material 
when tempered.  
Carbon  0.015  Improves hardness of the steels and provides strength in high temperature 
applications of stainless steels. 
Silicon  0.35  Reduces the rate of carburization and oxidation at elevated temperatures. 
Phosphorus  0.034  Improves machinability. 
Sulfur  0.027  Improves machinability. 
Molybdenum  2.04  When combined with chromium it is effective in stabilizing the passive film in 
chloride conditions. Provides pitting resistance in phosphoric acid, acetic acids, 
dilute chloride solutions and provides corrosion resistance in sulphuric acid. 
Also increases the tensile yield strength. 
Nickel  10.5  Austenite can be retained at room temperature with the addition of nickel and 
improves stress corrosion resistance  
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Table 2.5  Percentage synergy obtained by various researchers for stainless steel 316 
 
 
  The  concept  of  synergism  and  the  parameters  affecting  synergism  of  SS316  was 
explored in detail by Madsen [66]. He performed a comprehensive study on the effect of 
fluid  velocity,  solid  loadings  and  temperature  on  the  rate  of  synergism.  Studying  the 
corrosion potentials of SS316  in erosion-corrosion conditions with 2 percent solids and 
impeller  speeds  of  5.8  and  15.6  m  s
-1,  he  observed  that  the  surface  potential  of  SS316 
became more negative as the impeller speed  was increased, indicating that the chemical 
reaction at the surface was increasing [66]. Potentiodynamic scans were also performed to 
determine the effect of solid content on polarization data. The anodic passivation current 
density was noted to increase with increase in the solid content from 0 wt.% to 30 wt.%, 
shifting the polarization curve to the right. The same effect was observed when the fluid 
velocity was varied. These experiments provided electrochemical evidence that solid content 
and fluid velocity were primary parameters in the rate of removal of the passive film. This 















2  wt.% 
SiO2 
18 - 60 
 
Slurry Pot  32% - 63%  [66] 
3.5 % 
NaCl 
25 - 100 
 
1000 ppm   
SiO2 
50  Jet Impingement rig  17%  [62] 
3.5 % 
NaCl 
17  800 ppm  
SiO2 
18 - 20  Jet Impingement rig  31%  [103] 
10 % wt. 
H2S04 
5 - 10  15 wt.% 
Corundum 
sand 
N/A  Rotating disk 
(modified slurry pot) 
45 - 60  [104] 
3.5 % 
NaCl 




Jet Impingement rig  13% - 33%  [64] 
10 % wt. 
H2S04 
2.5 - 10  15 wt.% 
Corundum 
sand 
N/A  Rotating disk 
(modified slurry pot) 





1000 ppm   
SiO2 





damage the surface material. His work proved that the presence of solids had a synergistic 
effect, where the wear rates were accelerated to as high as 63% [66].  
   
  In  SS316,  the  passive  film  randomly  broken  by  solid  particles  are  continuously 
repaired due to the steel‟s ability to repassivate. The impact energy and particle flux play a 
major role in the removal and repair of the passive film [107]. Galvanic cells are formed at 
different  scales.  On  the  macroscopic  level,  these  galvanic  cells  are  formed  between  the 
eroded and uneroded surface, while in a microscopic level, coupling effects are seen between 
each impact zone and the repaired passive film. Thual et al. [107] compared the performance 
of three different materials namely UNS N08932, UNS S39230 and UNS S31603, eroded 
with SiO2 particles at 10 m s
-1 in 1 M sulphuric acid. They observed that increasing the 
number  of  impacts  reduces  the  polarization  resistance  of  these  metals.  The  polarization 
resistance is considered as an indication of the passive film stability of these metals [107]. 
The  high  chromium  UNS  N08932  (25%  chromium)  showed  the  highest  polarization 
resistance followed by UNS S39230 (23% chromium), while UNS S31603 (17% chromium) 
showed the lowest polarization resistance. It was concluded that a higher corrosion resistance 
indicated better repassivating ability after the passive film is removed, hence better erosion-
corrosion resistance. 
   
  The  effect  of  liquid  corrosivity  and  temperature  was  explored  by  Neville  and 
Hodgkiess  [106].  The  experiments  conducted  in  3.5%  NaCl  and  in  low  0.05%  Total 
Dissolved Solids (TDS) at 30°C and 50°C showed higher total weight losses for the more 
corrosive 3.5% NaCl at 50°C. The corrosion component is greatly reduced for SS316L in 
low TDS solutions. However, the authors cautioned that the effect of liquid corrosivity is 
more pronounced in static conditions compared to erosion-corrosion conditions, where the 
erosion process becomes more dominant [106]. The effect of change in viscosity in the low 
TDS and temperature conditions which reduces the drag forces of the solid particles, was 
also  not  ruled  out. The repassivation  rates  measured  on  UNS  S31603 indicated  that the 
anodic current was larger at 50°C, but the rate at which the current returned to a stable value 
after the jet was removed was the same as at 30°C [106]. It is possible that the passive 
behaviour and the repassivation rates in this case are affected by the surface conditions, 
roughness and the microcells generated between the affected and unaffected surface. 
   
  The  majority  of  the  studies  on  erosion-corrosion  of  SS316  have  revolved  around 
understanding the role of the passive film in accelerating erosion-corrosion. In addition to 
this phenomenon, Neville et al. [62] have attempted to study the work hardening effect of 
UNS S31603. They observed that there is an increase in the hardness of the surface material  
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after erosion-corrosion from 204 Hv to 354 Hv. The repeated impacts of the solid particles 
led to work hardening on the surface which increased its susceptibility to cracking. At the 
lowest points of the wear scar, cracks initiating perpendicular to the surface were detected. 
The crack propagated parallel to the surface, finally intersected the surface and caused the 
wear fragment to detach. Li et al. [54] went on to explain that the heavily strained lips which 
are formed during erosion-corrosion can be attacked electrochemically by corrosion, causing 
these vulnerable lips to crack. For stainless steel, this would be possible if the material is 
unable to repassivate fast enough. 
   
  Oltra et al. [102] identified that the wear due to erosion-corrosion has to take into 
account the contribution of the mechanical wear of solid particle erosion, the bare metal 
dissolution and growth of the protective film. They used a combination of acoustic and 
electrochemical techniques to define a suitable method to characterise and quantify erosion-
corrosion of UNS S31603. In their erosion-corrosion experiments in a slurry jet apparatus 
using 1 M H2SO4  and SiO2 erodents, they found that for high rates of erosion, the current 
cannot be considered as a cumulative current i.e superposition of all the current transients 
assuming independent depassivation-repassivation processes [102]. This is because a mean 
state of depassivation is observed during consecutive impacts, causing overlapping in the 
rate of depassivation-repassivation with varying recovery times [102]. Each particle impact 
will  have  its  own  depassivation-repassivation  kinetics  which  is  influenced  by  the 
electrochemical  state  of  the  surrounding  passive  surface.  This  was  further  illustrated  by 
experiments in two different conditions. The first experiment was done with a single particle 
impacting the target, while in the second experiment the target was continuously eroded 
[102]. They found that the recovery time was larger for the continuously eroded surface, 
which was attributed to the decrease in impedance in that target surface and the relative ratio 
of anodic and cathodic areas on the sample.  
 
 
2.5   Electrochemical methods 
2.5.1  Introduction 
 
There are various electrochemical methods used in corrosion testing and therefore 
careful consideration is necessary in order to select the most relevant method to conduct 
erosion-corrosion  experiments. The  data  obtained  from  these  methods  should  be  able to 
provide quantitative as well as qualitative analysis on the corrosion rates and the corrosion  
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mechanism occurring on the surface. In field conditions, electrochemical methods offer a 
useful  benefit  of  being  able  to  estimate  corrosion  rates  of  service  equipment  and  hence 
predict  the  lifetime  of  the  material  of  interest.  It  also  allows  the  engineer  to  plan  for 
necessary  protection,  maintenance,  overhaul  or  replacement  as  deemed  necessary.  The 
advantages of using electrochemical methods are that the data is in real time, recording 
corrosion reactions as they occur on the surface. These methods also have the advantage of 
being non-destructive. Therefore, many of them can be controlled to not interfere with the 
material  in  study  or affect  the chemical  reaction  kinetics. There  are  various  informative 
references on this subject [39, 108-113]. This section will review a few electrochemical 
techniques namely potentiodynamic polarization and electrochemical noise measurements. 
 
2.5.2   Potentiodynamic polarization 
 
  Potentiodynamic polarization allows the measurement of the polarization behaviour of 
a metal by continuously applying a potential and monitoring the subsequent current response 
at a dynamic varying potential [111]. A standard method to perform this test is using a three 
electrode cell set-up, as shown in Figure 2.27. The cell consists of a working electrode, 
reference electrode, counter electrode, current measuring device, potential measuring device 
and a source of potential [39]. The working electrode is the material being investigated with 
a known area, so that the resulting current can be normalised to current density (current per 
unit area A m
-2). The counter electrode, normally an inert material, is used to carry the 
current created in the circuit [39], while the reference electrode should be a stable material 
used as a datum to measure the potential of the working electrode [115]. The source of 
potential must be able to polarize the working electrode to the desired state.  
 
  A standard recommended guide for performing potentiostatic and potentiodynamic 
anodic polarization measurements has been developed by ASTM through ASTM standard 
G59 [115]. It provides a detailed description on the choice of test apparatus, electrodes, good 
practices  on  specimen  test  preparation,  and  potentiodynamic  measurement.  The 
recommended sweep rate for a potentiodynamic test is about 0.6 V/h. The choice of sweep 
rate is important as it can affect the polarization behaviour. The ideal sweep rate should be 
the fastest sweep rate, but at the same time should be stable enough so that further decrease 
in the sweep rate does not severely affect the measured current [111].  Both anodic and 
cathodic  polarization  curves  can  be  determined  with  a  single  sweep  rate  by  starting  the 
measurement  at  a  negative  overpotential  and  swept  to  a  positive  direction  (above  the 
corrosion potential). At negative overpotentials, the counter electrode will act as the anode.  
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Therefore, it is important to choose a material which is inert and will not contaminate the 
solution with ions which is not part of the investigation. Data obtained from the polarization 
behaviour of the metal can be used to determine the corrosion rate of a metal.  
 
  Figure 2.28 shows a typical polarization curve (plot of applied potential versus the log 
of  current  density).  In  the  graph,  Ecorr  refers  to  the  free  corrosion  potential  where  the 
specimen is assumed to be in steady state conditions, with equilibrium between the anodic 
and cathodic reactions. At this point io = ia = ic, but this is rarely the case because the metal 
consists of numerous tiny anodes and cathodes and equilibrium is difficult to achieve. The 
plot above Ecorr (more positive) represents the anodic region, while the plot below Ecorr (more 
negative)  represents  the  cathodic  region  of  the  polarization  curve.  This  method  has  its 
limitation where it is difficult to differentiate the type of corrosion mechanism occurring on 
the surface. The usage of this method also requires stable potential to be applied, which is 
often a problem in service conditions where potential stability is difficult to achieve due to 
random fluctuations and drifts. Nevertheless, this method remains a popular technique in 
laboratory studies of corrosion. 
 
 



























Figure 2.28  Polarization Curve of Potential (V) versus Log Current Density  
  (A m
-2) [39] 
 
2.5.3   Electrochemical Noise Measurements (ENM) 
 
The term electrochemical noise refers to the fluctuations in either current or potential 
generated from a freely corroding system [112]. These fluctuations which are generated can 
be used to characterise the electrochemical phenomena occurring on the material surface 
[116].  Electrochemical  noise  data  can  provide  useful  information like  the  breakdown  of 
passive  film  and  subsequent  repassivation,  pit  initiation  and  crack  propagation  [39].  To 
analyse noise data in its simplest form, Ohm‟s law can be used as in Eq. (2.34). Similarly for 




Rp   (2.34) 
 
where RP is the polarization resistance, Δv  is the incremental change in voltage and Δi is the 








where Rn is noise resistance, σv is the magnitude of the voltage noise signal and σi is the 
magnitude  of  the  current  noise  signal.  Electrochemical  noise  has  the  advantage  that 
monitoring can be done without external polarization. Hence, it does not alter the system or 
the chemical reactions. 
 
Electrochemical noise can be measured using a Zero Resistance Ammeter (ZRA) 
with two nominally identical working electrodes and a reference electrode, where the current 
is measured between the working electrodes and potential is measured against a reference 
electrode [112]. Alternatively, it can also be measured using a three electrode set-up with a 
potentiostat  similar  to  potentiodynamic  polarization  measurements.  When  measuring  the 
electrochemical potential noise between two nominally identical working electrodes, it is 
important to note that both electrodes will generate equal noise resulting in an addition to the 
noise  powers,  and  therefore  the  standard  deviation  of  the  noise  will  be  √2  of  a  single 
electrode [112].  
 
  Malo and Velazco [117] studied the response of mild steel in 0.1 M Na2SO4 under 
hydrodynamic  conditions,  using  a  rotating  disk  electrode.  In  their  experiments,  they 
observed that in static conditions the noise has two components One with slow variation in 
potential  level  and  fluctuations  of  1  mV,  and  the  other  is  slightly  more  rapid  with  a 
magnitude of 0.1 mV. However, in the forced convection with a rotation of 500 rpm, the 
slow frequency fluctuation disappears and now the noise data has a uniform and increased 
amplitude band of potential fluctuations. When the data was analysed further by calculating 
the  electrochemical  resistance  noise,  they  found  that  as  the  flow  rate  increased,  the 
electrochemical resistance noise reduced, indicating higher corrosion rates. This was in line 
with the prediction using polarization curves, where the cathodic branch of the curve moves 
to higher current values indicating an increase in the rate of oxygen reduction and hence 
corrosion  rates.  Wharton  and  Wood  [114]  have  also  employed  electrochemical  noise  to 
evaluate flow corrosion and pitting of AISI 304L. Souto and Burstein [120] have used ENM 
to examine the passive state of Ti6Al4V in chloride solutions and observed transients which 
arise from the breakdown of passive film and initiation of localised corrosion. ENM has not 
only found its applications in corrosion studies [114, 117-123], but also in erosion–corrosion 
studies [79, 124-126] and other wear-corrosion related studies [127-132].  
 
  A  typical  wear  accelerated  corrosion  curve  for  a  passivating  metal  using 
electrochemical  current  noise  technique  is  shown  in  Figure  2.29  [127-131].  The  curve 
consists of three regions. The first region is the stationary region where data acquisition  
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starts and the current tries to reach its free corrosion potential. In the second region, wear 
processes such as erosion, abrasion, sliding or fretting starts, and the current rises to an 
active anodic corrosion current associated with the breakdown of the passive film due to the 
mechanical wear process. The passive film then repassivates in the third region when the test 
is stopped and the current again drops close to its original stationary value. This type of 
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Figure 2.29   Typical current response versus time during a wear-corrosion test [127-131] 
 
Electrochemical current or potential measurement is plotted as a function of time in 
which the frequency, data acquisition sampling rate and test duration can be varied. Data 
from electrochemical noise can be analysed in terms of the size, shape and distribution of the 
potential or current transients [133]. Alternatively, various statistical methods can also be 
employed to decouple the noise data to obtain useful information by analysing the mean, 
variance, root mean square standard deviation, skewness and kurtosis of the data. Cottis et 
al. [121] reviewed several techniques in analysing ENM data including time domain analysis 
methods, statistical methods, frequency domain analysis methods and discriminant analysis. 
He noted that there are various techniques to analyse ENM data and researchers have to be 





2.6   Micro and Nano-scale Studies on Wear Processes  
2.6.1  Focused Ion Beam (FIB) 
2.6.1.1  Introduction 
 
   The Focused Ion Beam (FIB) technique was first created at University of Chicago and 
The  Oregon  Graduate  Institute  [134].  It  was  initially  developed  and  applied  in  the 
semiconductor industry [134-138]. The application of FIB in wear studies is fast gaining 
popularity  due  to  its  ability  to  accurately  mill  samples  at  specific  sites  of  interest.  The 
advantage of using FIB for material studies is it allows samples to be sectioned without 
damaging  its  inherent  features  as  compared  to  conventional  metallographic  sample 
preparation. This is an important consideration factor in wear studies, as often the corrosion 
and subsurface features are in the nanometre range and extremely sensitive to the specimen 
preparation  methods.  Another  advantage  of  FIB  is  it  also  allows  TEM  lamellas  to  be 
prepared.  Giannuzzi  and  Stevie  [136]  provided  an  excellent  review  on  TEM  sample 
preparation techniques using FIB. Details on the principles and operation of FIB will be 
given in Chapter 3. 
 
2.6.1.2  Application of Focused Ion Beam (FIB) in wear studies 
 
  Okolo et al. [139] used FIB to study the microstructure of normalised pearlitic carbon 
steel after shot peening at an inclination angle of 45° and pressures of between 2 and 4 bar. 
The subsurface microstructure revealed that the material had been plastically deformed and 
can be divided into 3 regions. A steep structural gradient with very fine nano-grains was 
observed within 300 nm from the surface.  From 1 to 2 μm the microstructure was observed 
to  be  sheared  along  the  peening  direction  and  the  grains  appeared  to  be  more  finely 
structured  compared  to  the  bulk  material  grains  in  region  3.  It  was  believed  that  this 
microstructure  is  formed  due  to  the  plastic  deformation  and  subsequent  recrystallisation 
during the normalising heat treatment. This has an influence on fatigue crack growth.  FIB 





Figure 2.30  FIB cross section of pearlitic carbon steel which has been shot peened at 2.5 
bar, showing the formation of a gradient grain structure along the peening 
direction with cracks (indicated by white arrows) orientated parallel to  
elongated ferrite grains [139] 
 
  Sun et al. [129] performed microabrasion-corrosion and sliding corrosion experiments 
on cast CoCrMo alloys. SiC abrasives were used to replicate 3 body abrasive wear. The tests 
were conducted at an applied load of 0.25 N. FIB studies were conducted on samples from 
0.9% NaCl and 25% Bovine Serum solutions. It was found that during sliding corrosion, a 
thin nanocrystalline layer was formed below the wear scar. This feature was less significant 
in the 25% Bovine Serum solution. However, in the abrasion-corrosion experiments in both 
solutions, the nanocrystalline layer was much more pronounced with more deformation on 
the  subsurface  layer.  A  few  possible  explanations  were  given  for  the  formation  of  the 
nanocrystalline layer, including strain induced phase transformation, recrystallisation during 
the plastic deformation process and embedment of wear debris in the material.  
 
  An  explosively  driven  friction  tester  was  used  to  perform  dynamic  friction 
experiments at high velocity and pressure within a short period of time [140]. The use of this 
equipment  was  aimed  at producing  high  strain  rate  and  rapid changes  of  microstructure 
within a short period of time. Using the FIB ion channelling contrast, the material exhibited a 
nanostructure near the friction surface and below the surface. A flow pattern is seen with 
heavily deformed grains. The thickness of the nanocrystalline layer did not alter significantly 
with increasing velocity, indicating that the structural changes at high strain rates is confined 




  Li et al. [141] studied the subsurface wear of an Al-Si alloy (A390) under sliding wear 
conditions at a load of 10 N and sliding speed of 1 m s
-1 using a block on ring tribometer in 
argon and air. Using FIB, it was found that the tribolayers formed in air  were severely 
fractured, believed to be due to the large amount of oxide found on this surface, causing the 
material  to  exhibit  brittleness.  In  argon  however, the  material  was  more  stable  with  the 
formation of a mechanical mixture of ultra fine grained aluminium (100 nm) and silicon. The 
thickness of the tribolayers was observed to be about 10 μm. The tribolayer formation was 
believed to be due to plastic deformation, as the investigation did not reveal any signs of 
recrystallisation, and the fine grained zone contained high dislocation density. Other authors 
have postulated that due to mechanical intermixing, the grain size decreased and formed a 
nanocrystalline structure [142].     
 
  Emge et al. [143] studied the tribological behaviour of copper at an applied load of 
1.5 N, sliding velocity of 1.5 m s
-1 and sliding distance of 30 m. Subsurface deformation 
causing the formation of a nanocrystalline layer and deformed grains in the sliding surface 
were  observed  using  FIB.  In  certain  regions,  recrystallised  grains  were  also  seen  to  be 
present. Investigation on the effect of varying the sliding velocity from 0.05 m s
-1 to 1.5 m s
-1 
and sliding time from 0.1 to 10,000 s was then performed to study the development of this 
tribolayer on copper [144]. It was found that the tribolayer was produced after 10 s and 
continued growing up to 10,000 s at a sliding velocity 0.05 m s
-1. However, at 1 m s
-1 
dynamic recrystallisation prevented the continuous growth of the nanocrystalline tribolayer. 
This implies that tribolayer formation is a dynamic process which is dependent on numerous 
factors. The predominant mechanism that causes change in the microstructure is dislocation 
activity.  Plastic  deformation  generates  dislocations  and  dislocation  cells  which  will 
eventually deform and rearrange the grains into sub-grains and small angle grain boundaries 
[91].  Further  deformation leads  to  formation  high  dislocation  densities  in the  subgrains, 
forming nano-crystalline grains. Recrystallization normally occurs if the material has low 
recrystallization temperature. However if the heat is able to diffuse fast into the material 
during deformation, dynamic recrystallization process will not be as important. FIB cross 








Figure 2.31  FIB cross section of  copper showing development of a three layer gradient  
grain structure after sliding against 440C stainless steel at a sliding velocity 
of 0.05 m s
-1 for 10,000 s [144] 
 
2.6.2  Transmission Electron Microscopy (TEM) 
2.6.2.1  Introduction 
 
 Scanning  Electron  Microscopy  (SEM)  has  been  used  extensively  to  develop  a 
physical  understanding  of  erosion-corrosion  and  its  resulting  surface  features.  However, 
SEM has its limitation in terms of analysis of structural and compositional information at 
high resolution. Transmission Electron Microscopy (TEM) can be used to overcome this 
limitation.  In  wear  studies,  the  usage  of  TEM  would  allow  better  understanding  of  the 
material response to plastic deformation. As TEM specimens have to be thin enough to allow 
electrons  to  pass  through,  the  large  depth  of  the  field  allows  the  entire  specimen  to  be 
focused at the same time making it suitable for wear studies [145]. This section reviews the 
application of TEM in wear studies. 
 
2.6.2.2  Application of TEM in solid particle erosion and tribo-corrosion studies 
 
Ives and Ruff [146] performed TEM studies on annealed 310 stainless steel specimens 
subjected to pure erosion. High concentrations of dislocations were found at the indentation 
sites. It was also noted that the dislocation density decreased rapidly with increasing distance  
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below the surface. The studies were extended by varying velocities, and it was found that at 
high velocities the dislocation density was observed at distances greater than 200 μm below 
the surface. The subsurface damage was divided into three zones. The first zone is comprised 
of a layer with highly deformed grains. The second zone showed the presence of deformation 
twins  and  the  third  zone  showed  a  boundary  possibly  associated  with  intense  shear 
deformation. Most of the dislocations were observed in the third zone, as the first two zones 
occur within a few micrometers from the surface. Hence, they are not always identified due 
to the impact process and experimental difficulties in observing the immediate surface layer.  
 
  Further TEM investigations on the subsurface damage at the erosion impact crater, 
revealed that the dislocations were arranged in a structure resembling a random tangle of 
lines with zones of high dislocation density [147]. Outside the craters, dislocations were 
arranged at a lower density in a form of arrays. Selected Area Electron Channelling Patterns 
(SACP)  was  used  to  estimate  the  plastic  strain  for  stainless  steel  310  and  copper.  This 
method  involves  measurement  of  the  broadening  or  contrast  change  of  a  particular 
channelling line [147]. Plastic strains of up to 37% were seen for copper and about 20% for 
stainless steel 310. This high degree of strain in the vicinity of the crater is believed to play a 
significant role in ductile erosion. Comparison between the the subsurface deformation of 
impact crater and microstructure after static indentation was made and it was found that it 
did  not  differ  much  [147].  Similar  underlying  slip  planes,  dislocation  density  and 
arrangement were observed. The authors cautioned that this might be due to the relaxation 
that might have occurred at the impact craters when observations were made. Differences in 
microstructure might have existed during the initial formation of the impact craters. This 
finding is rather surprising as it would be expected that the material and microstructural 
response would differ at high strain rates.  
 
Mishra et al. [148] performed TEM studies on the high strain rate response of ultra-
fine grained copper using three different dynamic testing equipments, namely reverse Taylor 
impact test, cylindrical compression specimen and hat shaped specimen in a Hopkinson bar. 
After impact tests at 180 m s
-1, it was observed that the microstructure of copper had higher 
dislocation density compared to the initial samples. The temperature rise during impact also 
caused the formation of recrystallised grains on the samples. A more systematic investigation 
is needed to reveal the high strain rate effect on the microstructure during solid particle 
erosion. 
 
Edington and Wright [149] studied subsurface damage due to solid particle erosion in 
the cobalt rich matrix microstructure of Haynes Stellite 6B using TEM. Analysing the cobalt  
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matrix as the erosion time was increased from 5 s to 2.3 min, revealed that the density of the 
dislocation and twins increased as well. The dislocation density was measured to be about 
10
12  cm
-2  with  an  absence  of  a  typical  cell  structure  consistent  for  a  material  with  low 
stacking fault energy [149]. As the velocity was increased from 19 m s
-1 to 52 m  s
-1, larger 
impact craters were observed on the surface with more deformation twins on the surface 
compared to a specimen at lower velocity. Although there was a rapid build up of dislocation 
density, no signs of cracks or delamination were observed on the material to indicate brittle 
mechanisms. However, interestingly at both velocities, embedded fragmented particles were 
observed within the microstructure. 
  
  Investigation of the subsurface defect structure of an eroded copper single crystal at a 
velocity of 133 m s
-1 using spherical glass particles revealed extensive subsurface shear, 
equivalent to the erodent particle diameter. [150]. Voids and embedded fragmented particles 
were also observed on the subsurface of the material, where the region consists of fine and 
recystallised  grains.  Variation  in  microstructure  was  also  seen  where  certain  areas  were 
dislocation free, while other areas had a dislocation of up to 10%, which is believed to reflect 
the continuous process of plastic deformation and recrystallisation [150]. The dislocation 
activity also reduced with increasing depth and at depths above 300 μm no dislocations were 
observed. It was concluded that the eroded surface (which exhibits a typical hill and valley 
topography) had a maximum plastic strain of 5 [150]. The embedment of erodent and void 
formation  is  restricted  to  the  region  of  pocket  beneath  the  valley  where  the  copper  is 
dynamically recrystallised.  
 
  TEM  studies  have  not  been  performed  for  erosion-corrosion  of  UNS  S31603 
although the tribocorrosion behaviour of UNS S31603 under sliding conditions has been 
examined by Bidiville et al. [151]. In sliding wear conditions, it was noticed that the near 
surface  microstructure  differs  between  passive  and  cathodic  potentials.  The  specimen 
subjected to passive potentials was observed to have smaller grains and deformation of ʱ‟ 
martensite.  It was believed that this was due to accumulation of strain and wear attributed to 
the  passive  film  which  interferes  with  dislocation  activity.  Subsurface  cracks  were  also 
observed in the passive potential. In the absence of this passive film (cathodic potential), 
dislocation structures with large plastic flow are developed resulting in limited wear. These 
results  prove  that  the  passive  film  has  a  significant  effect  on  wear,  corrosion  and 





  Lu et al. [152] used a pin on ring tester to investigate the corrosive wear behaviour of 
an austenitic, ferrictic and duplex stainless steel in 1 M H2SO4. In Duplex stainless steel, 
high dislocation density was observed 5 μm from the surface to form a cell structure. From 
the TEM micrographs, it was found that the dislocation density in the chromium rich ʱ phase 
was  lower  than  that  in  the  nickel  rich  γ  phase.  The  difference  in  surface  deformation 
strengthening between these two phases was believed to be beneficial to each other as the 
difference in hardness in these two phases maintains the toughness of the material, hence 
preventing it from cracking. However, for the austenitic stainless steel, phase transformation 
to martensite was observed to occur on the surface [152]. It can be deduced that corrosion 
has an effect on the wear behaviour of stainless steel, although the exact nature of this effect 
has yet to be ascertained. The TEM image of the martensite phase transformation and the 
electron  diffraction  pattern  showing  the  body  centred  cubic  structure  (bcc)  confirming 
martensite phase transformation is shown in Figure 2.32 [152] 
 
 
       
Figure 2.32  (a) TEM image of the martensite phase transformation (b) Electron 
diffraction showing the body centred cubic structure (bcc) confirming 












2.7  Conclusions from Literature Review   
 
In  this  chapter,  a  review  on  the  topics  of  erosion,  corrosion,  erosion-corrosion, 
stainless  steels,  electrochemical  methods,  Focused  Ion  Beam  (FIB)  and  Transmission 
Electron Microscopy (TEM) were carried out to survey the research progress in these fields 
and serves as the foundation for this thesis. The fundamentals of erosion and the material 
removal mechanisms for ductile material were discussed. Research on the multiplicity of 
factors  influencing  erosion  was  highlighted.  Literature  on  the  basic  theory  of  corrosion, 
passivity and the important factors affecting flow corrosion were explained. The interaction 
between erosion and corrosion termed erosion-corrosion was described with special attention 
given  to  synergy.  The  various  test  rigs  used  in  erosion-corrosion  experiments  were 
introduced, highlighting the advantages and disadvantages of each test rig. An introduction 
to stainless steels and previous erosion-corrosion studies that have been performed on this 
material were also summarised. A review on several electrochemical methods covered basic 
principles and advantages of these methods. Finally, a brief introduction was presented on 
Focused  Ion  Beam  (FIB)  and  Transmission  Electron  Microscopy  (TEM)  and  their 
application was reviewed to highlight usage as well as importance in wear studies.  
 
Each  of  these  subjects  is  well  established  fundamentally.  However  from  the 
literature review, it was also found that limited research has been carried out in the following 
areas: 
 
  The relationship between erosion, corrosion and synergy is not well understood. The 
mechano-chemical  effect  that  occurs  during  erosion-corrosion  has  to  be  further 
investigated. 
 
  Sensitivity study on the key variables influencing erosion-corrosion has not been 
thoroughly  performed.  This  includes  the  joint  interaction  between  the  various 
parameters affecting erosion-corrosion. 
 
  Understanding and correlation using electrochemical noise methods between single 
particle impacts with multiple particle impacts has not been fully developed. 
 
  The evolution of wear and the subsurface microstructure of material in response to 
erosion-corrosion have not been thoroughly investigated. More research is needed on 
the role and contribution of the subsurface microstructure to synergy. 
 
This project aims to bridge some of the gaps between existing research and the research 




3  Experimental 
 
A combination of gravimetric and electrochemical tests has been conducted to investigate 
erosion-corrosion  using  a  slurry  pot  erosion  tester.  This  chapter  details  the  preparation, 
characterisation  and  analysis  of  the  experiments  conducted  in  this  work.  It  includes  a 
description of the experimental methodology, experimental rig design and modifications. 
Finally, a review is presented on the post test analysis employed. These include Scanning 
Electron Microscopy (SEM), Focused Ion Beam (FIB), Transmission Electron Microscopy 
(TEM) and Alicona Infinite Focus Microscopy.  
 
3.1  Materials 
3.1.1  Stainless steel UNS S31603 
 
The material used in this work is stainless steel UNS S31603 and has been described in 
detail in Section 2.4. The measured chemical composition of this material is given in Table 
3.1.  Measurement  of  the  chemical  composition  was  done  using  an  Inductively  Coupled 
Plasma  Optical  Emission  Spectrometer  (ICP-OES)  by  IncoTest,  Hereford,  UK.  The 
specimens  used  were  cylindrical  specimens  measuring  70  mm  in  length  and  5  mm  in 
diameter. A test specimen was electrolytically etched using 10 g of oxalic acid and 100 ml of 
distilled water at 6 V for 45 seconds to reveal the austenite grain boundaries. Figure 3.1 
shows the optical image of the test sample after etching. The hardness of the test sample was 
determined using a microhardness tester and was measured to be about 220 Hv (0.1). This is 
an average value of 6 different indentations at various locations in the sample. Figure 3.2 
shows the indentation marks on the test sample.  
 
 
Table 3.1  Measured chemical composition of UNS S31603 test samples used in this work 
  Composition (wt %) 
  Cr  Ni  Mo  Mn  S  P  Si  C  Fe 
                   
UNS S31603   16.7  10.5  2.04  1.39  0.027  0.034  0.35  0.015  Bal. 









Figure 3.1  Etched stainless steel UNS S31603 specimen in 10 g oxalic acid and 100 ml 













3.1.2  Test solutions 
 
In order to evaluate the pure erosion (E), flow corrosion (C) and erosion-corrosion (T) 
rates, a range of test solutions was used in this work to simulate passive and active corrosion 
conditions. The solutions tested were from a wide range of pH values including acidic – pH 
1 (0.1 M HCl), neutral – pH 7 (distilled water) and alkaline – pH 14 (0.1 M NaOH). In order 
to simulate sea water conditions, 3.5% NaCl was also used. Figure 3.3 shows the results of 
initial experiments conducted in the slurry pot erosion tester to determine the average mass 
loss rates of UNS S31603 in different test solutions. UNS S31603 exhibited passivity in most 
of the test solutions giving low mass loss rates, with an exception of 0.3 M HCl and 0.5 M 
HCl.  It was observed that with an increase of molarity from 0.1 M HCl to 0.3 M HCl, the 
passivity of the chromium oxide film becomes unstable leading to an increase in mass loss 
rate. The mass loss rate becomes more significant at 0.5 M HCl. From these initial tests, an 
informed decision was made on the choice of test solution. Distilled water was chosen as the 
test solution to simulate erosion dominant conditions while 3.5 % NaCl and 0.3 M HCl were 
chosen as the test solutions for erosion-corrosion conditions. The choice of test solutions was 
based on the criteria for assessing positive synergy for UNS S31603. The second criterion 
for  the  choice  of  the  test  solution  was  based  on  the  aggressiveness  of  the  test  solution 
towards the test rig, which eliminated 0.5 M HCl from further consideration in the current 
work.  Another  important  consideration  was  the  stability  of  the  passive  film  under 
electrochemical conditions. For this reason, 3.5 % NaCl was chosen as the test solution for 
the  electrochemical  investigations.  The  viscosity  and  conductivity  measured  for  the  test 
solutions at 40°C are given in Table 3.2. 
 
Table 3.2  Values for viscosity and conductivity of test solutions at 40°C 
 Test Solution   νk ( mm
2 s
-1)  Conductivity (mS cm
-1) 
Distilled water  0.67  2 x10
-3 
3.5% NaCl  0.66  62.9 









Figure 3.3  Mass loss rate variation with different test solutions for stainless steel UNS 
S31603 (7 ms 
-1, 1 wt.% sand concentration, medium sand -294 μm) 
 
3.1.3  Erodents 
 
The erodent used in the current work is natural uncrushed silica sand (SiO2) obtained 
from David Ball Group Plc, Bar Hill, Cambridge which was washed and dried to a moisture 
content of less than 0.1% by dry mass, as per standard BS:812 part 2 [153].  Three grades of 
sand were used in order to ascertain the effect of particle size during erosion-corrosion. They 
have been classified as coarse, medium and fine sand with average sizes of 665, 294 and 105 
μm respectively. Optical analysis of the sand was performed by NPL [154] and Table 3.3 
summarises the size, circularity ratio and the shape factor from the optical analysis. The 
shape factor (F) was calculated by obtaining the ratio between actual area of projection (A) 
divided by the area of the circle with the same perimeter (P) as the projection given in Eq. 
(3.1). The hardness of the sand was measured to be about 1100 Hv(0.3). Figure 3.4 shows 










Table 3.3  Sand Optical Analysis [154] 
  Coarse  Medium  Fine 
Size, μm 
3D  665 ±  49  294 ± 43  106 ± 41 
Section  553 ± 114  167 ± 60   
Circularity 
ratio 
3D  0.78 ± 0.05  0.79 ± 0.05  0.76 ± 0.06 
Section  0.72 ± 0.09  0.71 ± 0.10   
Shape Factor 
3D  0.61 ± 0.18  0.63 ± 0.19  0.68 ± 0.19 















Figure 3.4  SEM images of the (a) fine sand, (b) medium sand and (c) coarse sand 
 
3.2  Specimen preparation 
 
The stainless steel test specimens were wet ground using SiC paper from 600 grit down to 
4000 grit. Due to the cylindrical shape of the test samples, polishing using conventional flat 
polishing disks was not possible. In order to overcome this, a mini lathe machine was used to 
hold  and  rotate  the  cylindrical  test  samples  to  allow  uniform  polishing  across  the  test 
samples. The samples were washed with acetone followed by distilled water and dried in a 
jet of hot air before changing to different grits. The final average surface roughness (Ra) was 
measured to be about 0.08 ± 0.02 μm compared to the initial as received surface roughness 
of 0.28 ± 0.04 μm. The surface roughness of the specimens was measured using a surface 
profilometer (Taylor-Hobson Form Talysurf 120L). After final polishing, the samples were 
cleaned ultrasonically before initial gravimetric measurements were performed. Gravimetric 
measurements  were  performed  using  Mettler Toledo  XP205  digital  balance  which  has a 
precision of up to 0.01 mg. Each sample was weighed six times, the maximum and minimum 
values from these readings were then discarded and the average was taken of the remaining 
four readings.  
 
3.3   Experimental methodology 
3.3.1  Open Circuit Potential Measurements (OCP) 
 
Prior to each test, the open circuit potential of the test sample was taken by measuring the 




state  equilibrium  (Ecorr)  before  performing  erosion-corrosion  experiments.  A  Gamry 
Instruments PC4-750 potentiostat was used for the electrochemical tests. The potential was 
measured between the UNS S31603 specimen, which acts as the working electrode, and a 
silver/silver chloride (Ag/AgCl) reference electrode. The sampling frequency was set at 10 
Hz while maintaining the test temperature at 40 °C.  Figure 3.5 shows an OCP curve for 
UNS S31603 on immersion for 3600 s (1 hour). It can be seen that the potential rapidly 
decreases until 3000 s and then remains stable with a potential of -0.058 V. The potential of 
a metal in an aqueous solution is dependent on the reactivity of the metal and the oxidizing 
power of the electrolyte [111]. Stainless steel, a passive metal, in atmospheric conditions 
forms a protective chromium oxide film layer which inhibits corrosion [39]. Therefore, as 
seen in Figure 3.5, when the metal is immersed in 3.5% NaCl, the metal potential reduces 
rapidly to a more electro negative potential and remains steady state. Potential measurements 
are normally done without disturbing the electrochemical reactions of the working electrode. 
All electrochemical investigations in the current work were carried out after the sample had 
been immersed for 1 hour and the OCP reached steady state. 
 







3.3.2  Slurry pot erosion tester 
 
A slurry pot erosion tester  was used to conduct erosion, flow corrosion and erosion-
corrosion  experiments.  The  design  of  the  rig  is  based  on  the  original  rig  designed  and 
employed by Clark et al. [18, 19, 22]. Figure 3.6 shows an assembled slurry pot erosion 
tester in a Faraday cage. A 3.5 kW motor with a maximum rotation speed of 3500 rpm is 
connected to the pulley of the slurry pot erosion tester through a toothed belt. For the given 
test  conditions  the  motor  operating  power  was  estimated  to  be  about  1  kW.  This  belt 
transmits power from the motor to the shaft to rotate the samples which are held at the end of 
the shaft. The slurry pot and the motor are enclosed within a Faraday cage, which prevents 
interference and external noise during electrochemical experiments. The Faraday cage also 
acts as a safety cage to protect the operator in case of mechanical failure of the motor or 
prevent injuries due to the rotating parts in the rig. To allow air circulation in the enclosed 
rig preventing build up of hot air and equipment heating due to the moving parts, two d.c. 
fans have been placed within the Faraday cage. Figure 3.7 shows a schematic inside the 
slurry pot erosion tester. The bearings allow smooth rotation of the shaft as well as keep the 
shaft in place during the rotation. Baffles have been employed to allow mixing and to keep 
the erodents suspended during tests. Test temperatures are maintained in the rig using a 
cooler manufactured from copper, in a cup type design with a hollow base. At the bottom of 
this cooler, there are pipes which allow tap water to flow through the cooler and this helps 
cool or heat the pot to the desired temperature. The pot is constructed from uPVC and has a 
maximum capacity of 4 litres. The samples are held between two nylon coated arms as 
shown in Figure 3.8. The holder has been designed to accommodate a sample size of 5 mm 
in diameter and 70 mm in length. To prevent ingress of solution, o-rings are used to separate 
the Delrin cups and the slurry. This prevents problems arising due to crevice corrosion. 
Linear velocities of between 3 and 12 ms
-1 can be achieved in this rig with the current setup. 
Due to the nature of the plastic material used in the construction of the rig with low heat 
dissipation capacity, testing at elevated temperatures is not possible with this rig. This will 
also prevent excessive heating of the bearings. The advantages of using a slurry pot are that 
it allows good control of test parameters besides its relative ease of usage and cleaning. The 
rotational flow of the slurry in the pot also allows multiple impact angles to be achieved at 
the same time in this rig. However, the limitation of using this rig is that cylindrical test 
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Figure 3.8  Test samples held between two nylon coated steel arms. 
 
3.3.3   Modified slurry pot erosion tester to perform in-situ electrochemical investigation 
 
Electrochemical studies enable a better understanding of erosion-corrosion behaviour.  In 
order to perform this study, the slurry pot erosion tester has been modified to perform in situ 
electrochemical investigations. As mentioned earlier in section 3.3.2, the Faraday cage had 
been used to prevent external noise and interference during electrochemical measurements.  
Figure 3.9 shows the modification which has been done  to the slurry pot erosion tester. 
Electrical connections were made between the working electrode (test specimen), counter 
electrode and a set of brass rings on the shaft of the specimen. Silver loaded graphite brushes 
were used to obtain electrical contact between the rotating part and the brass rings. The 
electrical  connections  from  the  brass  rings  (working  electrode  and  counter  electrode) 
together with an externally connected Ag/AgCl reference electrode are directly connected to 
a Gamry PC4-750 potentiostat to perform electrochemical investigations.  The slurry pot has 
been constructed using plastic.  The pot itself is made out of uPVC and all other materials 
which are in contact with the solution are either plastic or coated with nylon to prevent any 
galvanic coupling that might affect the electrochemical measurements. The Gamry ESA 400 
software has been used for the electrochemical potential noise and current measurements. 
This  gives  information  on  the  specimen  depassivation-repassivation  behaviour,  current  
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levels, potential of the specimen and localised phenomenon like pitting, which is translated 
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Figure 3.9  Modified slurry pot erosion tester to perform in situ electrochemical 
investigation 
 
3.4   Post test analysis 
3.4.1  Optical microscopy 
 
Optical microscopes were used to magnify specimen surfaces and provide a relatively 
quick  and  simple  way  to  perform  image  analysis.  In  this  work,  an  optical  microscope 
Olympus BH-2, Japan fitted with a digital camera Prosilica EC1350  was used.  Optical 
microscopes  consist  of  a  sample  stage,  objective  lenses,  light  source,  focus  control, 
condenser, field aperture and an optional camera. An optical microscope uses light as the 
source of imaging. The magnification of the microscope is achieved through proper coupling 
of the objective and the eyepiece [91]. The numerical aperture which is the ability of the 
microscope to gather light and resolve specimen detail is also important in obtaining good 
resolution while imaging. Samples which have been polished, as well as samples obtained  
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after testing, were initially scanned using optical microscopes to observe any interesting 
features,  defects  or  wear  scars  before  in  depth  studies  were  performed  using  higher 
magnifications on a SEM. 
 
3.4.2  Scanning Electron Microscopy (SEM) 
 
 For  Scanning  Electron  Microscope  (SEM),  a  JEOL  model  JSM-6500F  was  used  to 
investigate the wear on the test samples, after the samples had been subjected to erosion, 
corrosion and erosion-corrosion conditions. The advantage of using the SEM over optical 
microscopy is the large depth of field, allowing investigation of erosion-corrosion samples 
with high surface roughness [155]. This model of SEM is also capable of providing in- situ 
point, element and area chemical information of the test sample through Energy Dispersive 
X-ray Spectroscopy (EDX). SEM works in a principle that the field emission gun emits 
electrons at high energies of between 1 keV and 30 keV. The electromagnetic condenser 
lenses then collimate the beam. The beam is focused using an objective lens and is deflected 
either linearly or in a raster fashion by a pair of scanning coils over the sample surface. 
Concurrently, a spot of Cathode Ray Tube (CRT) is scanned across the screen displaying the  
resultant image on the computer screen. The brightness of the spot is modulated by the 
current  which  has  been  amplified  by  the  detector  [155].    In  this  work,  the  accelerating 
voltages  used  were  between  10  and  15  kV,  while  the  working  distance  was maintained 
between 10 and 12 mm. The SEM images of the test samples after the experiment provide 
physical information on the wear mechanism during erosion-corrosion. 
 
3.4.3  Alicona infinitefocus microscopy  
 
Alicona infinitefocus microscope uses a registered trademark infinitefocus method based 
on the concept of focus variation [156].  It generates 3D profilometry of the test sample with 
generation of the actual colour. It uses a combination of the small depth of focus and optical 
system together with vertical scanning to image samples with varying vertical heights. A 
specimen placed on the sample stage is illuminated with white light provided by a light 
source through a beam splitter to a set of infinity corrected objectives. The reflected light 
from the sample is then projected to a beam splitter colour digital sensor. The vertical and 
lateral resolution is then adjusted by changing the objectives. This system has a vertical 
resolution of up to 10 nm [156]. A minimum and maximum vertical height is then set, and 
the image is captured between these two distances continuously to provide a larger depth of  
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field. The advantage of using this technique over the conventional optical microscopy is that 
obtaining 3D images with larger depth of field is possible.  
 
3.4.4  Focused Ion Beam (FIB) 
 
Figure 3.10 shows the basic configuration of a FIB system where the main components of 
this equipment are a gas injection system, vacuum chamber, liquid metal ion source, ion 
column, detectors and a sample stage [137]. The Gallium ion from the Liquid Ion Metal 
Source (LMIS) is accelerated to the sample in the form of a focused probe. Once the ion 
reaches the sample, electrons, neutral atoms and charged species are ejected from the sample 
[134].  Images are then formed by detection of ions with a known beam position. The range 
of gas delivery system also provides improved ion etching capabilities for the FIB. The FIB 
can have additional platforms, the most common being the FIB and SEM dual platform 







Vacuum chamber  
 
Figure 3.10  Basic schematic diagram of a Focused Ion Beam (FIB) system [137] 
 
Imaging contrast mechanisms relevant to the FIB are topographic contrast, channelling 
contrast and material contrast [137, 138]. Topographic contrast produces a contrast with 
different image shades of topographic features. Channelling contrast or sometimes called  
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orientation contrast is one of the distinct features of FIB, as it is able to produce the effect of 
grain contrast of crystalline material. This allows interpretation of grain size and orientation 
without the need to etch the sample. Material contrast is obtained as a result of difference in 
the yield of secondary ions and is a function of the material chemistry [137, 138].  
 
  FIB analysis in this work was done using the Zeiss NVision 40 at the University of 
Southampton.  Additionally  through  the  EPSRC  Open  Access  program,  the  Carl  Zeiss 
XB1540 at the University of Cardiff and University College London along with the FEI 
Nova 200 at University of Leeds were also used in this work. The area of interest was 
protected with a layer of carbon or platinum deposition from a precursor gas to prevent 
damage and ion implantation on the top surface of the specimen by the Ga
+ beam.  The 
samples were tilted to 54° to align the sample perpendicular to the ion beam column. This 
allows a 36° angle for electron imaging. A liquid gallium source was used to emit Ga
+ ions at 
an accelerating voltage of 30 kV. The samples were coarse milled with a probe current range 
of between 500 pA and 1.2 nA, and finally polished with a current range of between 150 and 
300 pA.  Imaging was done using ion column and electron beams, allowing the exploitation 
of  two  imaging  mechanisms.  Ion  channelling  contrast  mode  provides  a  distinct  contrast 
mechanism unique to the FIB which allows imaging of the grain contrast in the material. 
 
FIB  was  also  used  to  prepare  a  site  specific  TEM  lamella  using  an  internal  lift–out 
method with Kliendiek micro-manipulators. Firstly, the location of interest on the sample 
was milled to the required size range of between 15 and 20 μm in width and 10 μm in depth. 
An  image  of  this  is  shown  in  Figure  3.11.  The  lamella  was  milled  to  the  required 
specification leaving two bridges at the sides of the sample and a trench at the bottom of the 
sample. The needle was then attached to the top of the lamella using carbon deposits prior to 
extraction. Once the tip of the needle was attached to the sample, a probe current of about 80 
pA was used to cut the samples at the sides to allow extraction. The extracted TEM lamella 
was then attached to a copper pillar Omniprobe TEM grid as shown in Figure 3.12. Here, 
final thinning was performed on the sample to achieve electron transparency using a probe 
current of 80 pA. FIB and TEM cross sections were taken at a 30° angle on the specimen 


















Copper TEM grid  
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3.4.5  Transmission Electron Microscopy (TEM) 
 
Transmission Electron Microscopy (TEM) is a powerful technique for analysing the 
microstructure of the material at high resolution. The JEM-3010 TEM microscope available 
at the University of Southampton operating at 300 kV with a lattice resolution of 0.14 nm 
and point resolution of 0.21 nm is used for this purpose [145].  The TEM unit is categorised 
into  three  main  components  which  are  the  illumination  system,  the  objective  lens/stage 
system and the imaging system [145]. The role of the illumination system is to transfer the 
electrons from the source to the specimens. The illumination system consists of an electron 
gun and condenser lens. The objective lens/stage system is where all the beam specimen 
interaction takes place. TEM images and diffractions are only obtained when the specimen 
interacts with the electrons. The resolution of the images is also controlled by the objective 
lens. The imaging system comprises the intermediate lens, diffraction lens and the projector 
lens [145]. These lenses are used to magnify the image or diffraction pattern produced by the 
objective  lens.  Finally,  these  magnified  images  are  focused  on  the  viewing  screen.  The 
contrast in the specimen arises due to the scattering of the incident beam.  
    In addition to TEM, the Zeiss NVision 40 was also used in its capacity as a Scanning 
Transmission Electron Microscope (STEM), operating at 30 kV and providing a resolution 
of 0.8 nm. A combination of bright-field and dark-field imaging techniques were used to 
provide suitable contrast in viewing the TEM samples. Additional analysis using TEM EDX 
(Energy Dispersive X-Ray – Oxford Instruments) provided chemical composition of unique 
features on the sample, while Selected Area Diffraction Patterns (SADP) was employed to 















4  Evaluation of a Semi- Empirical Model in Predicting Erosion-
Corrosion 
 
4.1  Introduction 
A semi-empirical model has recently been developed at the University of Southampton, 
which incorporates dynamic Hertzian contact mechanics to model the damage during particle 
impact  and  accommodates  the  effect  of  erodent  deforming  the  surface  leading  to  an 
increased  corrosion  activity  [157].  The  model  was  found  to  have  good  agreement  with 
erosion-corrosion rates of carbon steel.  In this chapter, the robustness of this semi-empirical 
model is evaluated by testing it on a passive metal. UNS S31603 was chosen due to its 
inherent passivity to corrosion primarily due to the chromium oxide film formation that 
inhibits corrosion [39]. This chapter describes experimental work that has been performed to 
study the behaviour of UNS S31603 under erosion, flow corrosion and erosion-corrosion 
conditions,  with  variations  in test  velocity,  erodent concentration, erodent  size  and  fluid 
temperature. The results obtained from these experiments were used to evaluate the semi-
empirical model and determine the limitations and applicability of the model. 
 
4.2  Semi-empirical model 
 
The semi empirical model used in this work was developed by Harvey et al. [157]. In this 
section, a summary and key assumptions used in the model will be presented. In Section 2.3, 
the subject of synergy and some of the possible mechanisms for synergy have been discussed 
and can be summarised in Eq. 4.1 as below [54-77, 157]: 
 
f i m p m p e f E E E E C C C C S
   
(4.1)   
   




= The effect of erodent damaging the passive film causing corrosion of the metal 
surface 
ΔCe 
= The effect of erodent deforming the surface causing an increased corrosion 
activity  




= The effect of erosion increasing the mass transfer coefficient and hence 
increasing erosion- corrosion rate. 
ΔEp  =  The enhancement of wear due to corrosion between metallic phases 
ΔEm  = The influence of corrosion on the mechanical properties of the surface material 
ΔEi  = The enhancement of wear due to intergranular corrosion 
ΔEf 
= The weakening of eroded metallic flakes/lips on the metal surface due to 
localised corrosion 
 
It should be noted however, that the ΔC and ΔE values above will occur at different rates 
or might not occur, depending on the material and the environment to which it is exposed. In 
the semi empirical model developed by Harvey et al. [157], the total synergistic rate for 
carbon steel was given by Eq. 4.2: 
 
e f ΔC ΔC S       (4.2) 
 
The justification for the simplification of Eq. 4.2 compared to Eq. 4.1 was examined in 
detail [157]. This model is chosen to be used in this work as the two most dominant synergy 
mechanisms proposed by erosion-corrosion researchers as discussed in section 2.3 have been 
taken into account in the model. The contribution of each element above in erosion-corrosion 
and the modelling approach employed will be examined in the next section. 
 
4.2.1  Erosion 
 
A  description  of  erosion  models  has  been  given  in  section  2.1.3.  These  models 
highlighted the importance of impact angle as a key factor in modelling erosion. Due to the 
rotational flow in the experimental apparatus used in the work by Harvey et al. [157] none of 
these models could be applied, as the particle impact angle cannot be controlled in the slurry 
pot test apparatus. In the semi-empirical model evaluated in this work, the mass loss rate 
contribution due to erosion is determined experimentally by gravimetric analysis. 
 
One of the constraints faced by researchers in analysing data pertaining to erosion is the 
range of dispersed test conditions, test rigs and wear rate defining criteria available in the 
literature, to compare and quantify the erosion wear rates of different materials. One method 
employed by Moore and Wood [158] is to normalise the data available in terms of volume  
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loss per impact versus particle impact energy.  In this method, the influence of flow rate is 
removed by defining a specific volume loss Vs, which is the ratio of the volume loss of target 





V       (4.3) 
 
 Where V is the target volume loss (m
3), t is the test duration (s), Qv is the slurry flow rate 
(m
3  s
-1) and Cv is the particle volume fraction. Assuming the volume fraction of sand is held 
constant and the particle size is varied, the number of particles impacting the target material 
also  varies.  Here,  this  complexity  is  removed  by  defining  unit  volume  loss  per  particle 








u       (4.4) 
 
 where Dp is the particle diameter. The kinetic energy of each erodent particle, Ek, is 









k       (4.5) 
 
 where ρp is the density of the particle (kg m
-3) and Up is the velocity of the particle (m s
-1) 
In  this  chapter,  data  from  various  test  conditions  will  be  compared  using  this  erosion 
normalisation  technique,  to  better  understand  the  effect  of  kinetic  energy  variation  with 
volume loss of material due to erosion.  
 
The velocity of the fluid flow converted from the angular velocity of the motor used in 
the slurry pot erosion tester does not take into account the „squeeze film effect‟. The squeeze 
film theory describes that part of the kinetic energy of the particles will be dissipated during 
erosion [21, 31].  Clark and Burmeister [31] explained that if an impact were to occur, the 
film of liquid separating the advancing particle from the surface must be displaced, and this 
cushioning  effect  would  in  turn  reduce  the  effective  particle  velocity.  They  derived  an 
expression  to  evaluate  the  squeeze  film  factor  which  can  be  analysed  by  equating  the 








6 . 63 7 . 0 s     (4.6) 
 
where  sf is the squeeze  film  factor  (values  between  0  and  1)  and  Rep  is  the particle 
Reynolds number. 
 
4.2.2  Flow corrosion 
 
The oxide layer on passive metals can be damaged by solid particle impact and it is the 
aim of this work to experimentally observe the increase in corrosion rate due to erosion or 
vice  versa.  In  the  evaluation  of  this  model,  the  mass  loss  rate  obtained  from  the  flow 
corrosion experiments is converted into corrosion current density using Faraday‟s law as 




i       (4.7) 
 
where F is the Faraday‟s constant (C mol
-1), z is the number of electrons involved in the 
electrochemical reaction for Fe based metals (z =2), M is the molar mass of the material 
(55.85 g mol
-1), A is the area exposed to the corrosive environment (cm
2), t is time (s) and W 
is the mass loss (g). 
 
4.2.3  Synergy modelling 
 
In the previous modelling approach for carbon steel, Harvey et al. [157] identified ΔCf 
and ΔCe as possible mechanisms for synergy.  It was assumed that the ΔE mechanisms such 
as  the  change  in  mechanical  properties  of  the  surface  material  due  to  corrosion  and 
enhancement of wear from corrosion of metallic phases would be minimal and hence were 
neglected.  The only dominant mechanism would be the effect of erosion on increasing the 
corrosion rate ΔC and a summary of the approach towards modelling this synergy effect shall 
be provided. 
 
The effect of the erodent damaging the oxide layer exposing the bare metal surface to 
corrosion, ΔCf, was modelled using Bozzini et al.’s [159] recovering target concept.  The 
model states that each particle impact gives a rise in corrosion current density for a period of  
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time.  This is in agreement with the observation made earlier by Burstein and Sasaki [70] 
who studied the electrochemical transients generated during solid particle erosion-corrosion 
of UNS S30403.  It was noted that when a particle impacts a metal surface, there is a rise in 
current transient associated with the depassivation of the metal surface.  The depassivation is 
a function of the particle mass and velocity through its impact energy [46]. Below a certain 
threshold impact energy, no depassivation would occur.  Since not all the sample‟s area on 
the metal surface is affected by the particle impact, the effective corrosion current density at 
a given electrode potential is given by Eq. 4.8 [159]: 
 
u a a a corr 1 i f i f i       (4.8) 
 
where i is the corrosion current density, subscripts u and a refer to the unaffected and 
affected area, while fa is the coefficient of the mechanically affected corrosion component of 
the synergistic damage. Eq. 4.9 expresses the fraction of the corroding surface affected by 
the erosive action of impacting particles (such that 0 ≤ fa ≤ 1). The coefficient fa is obtained 
through Eq. 4.9 [159]: 
 
τ λA time recovery 
impact
area   damaged
area   control
impacts   of   no.
f a a     (4.9) 
 
In the semi-empirical model, the calculation for affected area  Aa  was  modified  from 
Bozzini‟s original model and determined using dynamic Hertzian analysis [157,160].  In the 
current work, parameters used in the evaluation for the dynamic Hertzian calculation for 
stainless steel was substituted and slight differences were seen compared to carbon steel. 
Since the same silica sand was used for this model, the parameters for sand are assumed to 
remain the same as the work by Harvey et al. [157].  Assuming the same mean effective 
particle radius of 58 μm, the affected area for stainless steel was calculated to be 5 x 10
-10 m
2 
with a mean contact pressure of 1.77 GPa. These differences in the mean contact pressure 
and affected area were mainly attributed to the different parameters used in the Poisson‟s 
ratio and Young‟s modulus (elasticity) for stainless steel.  The value for λ which is expressed 
as the impacts per second per unit area was determined by modelling the volume swept by a 
specimen in a slurry pot test apparatus. The total number of impacts per second per unit area 
would be the number of particles per litre multiplied by the volume swept divided by the 
exposed surface area of the specimen, yielding Eq. 4.10: 
 






   
(4.10)
     




The synergy contribution ΔCe which is the effect of erodent deforming the surface leading 
to an increased corrosion activity is also accounted for in the semi empirical model [157].  
Figure 4.1 shows a schematic of ΔCf and ΔCe synergy factors used in the semi-empirical 
model.  The particle impact ruptures the passive film and at the same time may also deform 
the  surface  during  the  same  impact.  Depending  on  the  repassivation  rate,  subsequent 
particles will impinge on the oxide free layer causing deformation. This assumption will in 
turn increase the area exposed to corrosion.  In the model, the deformed surface was assumed 
to be a three dimensional hemisphere producing a crater on the surface material. This will 
influence the damaged area and controlled area in Eq. 4.9. Table 4.1 provides the values of 






Figure 4.1   (a) ΔCe - erodent deforming the surface leading to an increased corrosion 
activity (b) ΔCf - erodent deforming the passive oxide film layer leading to an 









Table 4.1  Values and constants employed in the model 
Factor 
Parameter values  Source 
Name  Symbol 
Number of electrons  z  2  Eq. (4.7) 
Faraday‟s constant  F  96485 C mol
-1  [161] 
Area exposed to corrosion  A  15.2 cm
2 
Calculated from diameter and 
height of specimen exposed to 
slurry 
Molecular mass of iron  M  55.85 g mol
-1  [161] 
Viscosity of 
solution/slurry at 40°C 
νk  1.19 mm
2 s
-2  Measured 
Roundness factor  Rf  0.72  [154,157] 
Young's modulus of 
erodent 
Ep  59 GPa  [85] 
Young's modulus of target  Et  215 GPa  [161] 
Density of erodent  ρp  2670 kg m
-3  [85] 
Poisson's ratio of erodent  qp  0.190  [162] 
Poisson's ratio of target  qt  0.283  [161] 
Recovery time  τ  0.2 ms   [70] 
 
4.3  Experimental methodology 
 
A set of experiments was performed on UNS S31603, to study the behaviour of this metal 
under erosion, flow corrosion and erosion-corrosion conditions. Distilled water was chosen 
as the test solution for erosion conditions while 0.3 M HCl was used as the test solution for 
flow corrosion and erosion-corrosion experiments. The choice of test solutions was based on 
the criteria for assessing positive synergy for UNS S31603 and has been described in more 
detail in section 3.1.2. In order to evaluate the synergy levels at different test conditions, 
experiments were conducted at different velocities, sand concentrations, sand sizes and test 
temperature. Table 4.2 shows a detailed test matrix of the experiments. Each test was run for 
1 hour and gravimetric measurements were performed before and after the experiments to 
determine the mass loss in different test conditions. As the rig design allows two samples to 
be used in a test, the average mass loss is taken between the two samples and divided by the 
duration of the test to obtain the mass loss rate in mg hr
-1. The Reynolds number of the flow 
in the slurry pot was calculated to be between 28,000 and 48,000 for velocities of 5 to 9 m s
-1 




Table 4.2  Test Matrix for UNS S31603 in 0.3 M HCl 
  Sand 
Concentration 
Solution  Sand Size  Velocity/  m s
-1 
5  7  9 







1 wt.%  
Distilled Water 
Fine       
Medium       
Coarse       
 
3 wt.% 
Fine       
Medium  *  *  * 
Coarse       
 
5 wt.% 
Fine       
Medium       









0.3 M HCl 
Fine       
Medium       
Coarse       
 
3 wt.% 
Fine       
Medium  *  *  * 
Coarse       
 
5 wt.% 
Fine       
Medium       
Coarse       
 
* Experiments were conducted at 40°C and 60°C 
 
4.4   Results and discussion 
4.4.1  The influence of velocity on erosion-corrosion 
 
Figure  4.2  shows  the  results  obtained  for  total  erosion-corrosion  rate  (T)  and  its 
components (E, C and S). The values for T, E and C were measured gravimetrically while the 
component S was calculated from Eq. 2.28 from Chapter 2. The error bars show the scatter in 
the  data  during  gravimetric  measurements.  All  components  including  erosion,  flow 
corrosion,  erosion-corrosion  and  synergy  increased  as  the  fluid  velocity  was  increased.  
Although the corrosion rate is relatively low for flow corrosion, which is expected for a 
passive metal, the combined action of erosion-corrosion shows a large increase in positive 
synergy  indicating  some  other  mechanism  must  be  present  to  accelerate  the  erosion-
corrosion wear rate.  Madsen [66] who performed experiments with stainless steel 316 in 
0.06 M Na2SO4 and 2% silica sand concentrations, observed a similar relationship, where it 
was observed that erosion increased the corrosion rate when the velocity was increased.  This 
was attributed to the removal of the chromium oxide film from the metal surface by solid 
particle impacts.  The continuous removal of the passive film produces high synergism on 
the metal undergoing erosion-corrosion, as the mass transfer of reactants to and products 
from the metal surface enhances the effective corrosion rate when the bare metal surface is  
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exposed [67].  Another important observation from Figure 4.2 is that the synergy level is 
higher than the erosion mass loss rate at a low velocity of 5 m s
-1. However, with an increase 
in velocity, the synergy level becomes less than the erosion rate.  These results show a 
critical velocity where the erosion rate becomes dominant in the erosion-corrosion process, 
which leads to lower synergy ratios.  Hu and Neville [65] found that there was a critical 
velocity of between 4 m s
-1 and 7 m s
-1 where there is a shift from passive regime to an 
erosion-corrosion regime for UNS S31603 in 3.5% NaCl and silica sand loading of between 
0 and 0.6 wt.%. A possible explanation for this is that at low velocities, although the solid 
particles manage to damage the passive film layer, not all the erodent particles manage to 
remove the material. Hence, the synergistic effect of oxide film removal and subsequent 
corrosion is higher than the pure erosion rate.  At higher velocities, there is sufficient kinetic 
energy  for  material  removal  by  most  of  the  solid  particle  impacts.  Therefore,  the  total 






















Figure 4.2  Experimental results for erosion, flow corrosion, erosion-corrosion, and synergy 








4.4.2  The influence of sand concentration on erosion-corrosion 
 
Figure 4.3 shows the effect of sand concentration on erosion and erosion-corrosion rates.  
The  mass  loss  rates  were  found to increase  with increasing  sand  concentrations  in  both 
conditions.  As  the  sand  concentration  increases,  the  number  of  particles  impacting  the 
surface also increases, leading to a higher mass loss rate for the pure erosion component. 
However, it should be noted that this assumes that the impact efficiency is not affected by 
the  shielding  effect  which  is  caused  by  incoming  particles  and  rebounding  particles 
interacting with each other at the sample surface [25]. Similarly for erosion-corrosion, the 
synergism also increases with sand concentration as there are more particle impacts leading 
to a higher depassivation rate [65].  The results for these experiments also show that the 
synergy level at the lowest sand concentration was seen to be higher than the pure erosion 
rate.  This supports the argument that only after certain critical impact energy (function of 
mass of sand and fluid velocity) would the erosion rates become dominant in total erosion-
corrosion.  In an erosion-corrosion interaction study by Meng et al. [64] in 3.5% NaCl and 
silica sand loading of 50 and 500 ppm, it was found that velocity, sand loading and the 
interaction between velocity and sand loading were important variables enhancing wear rates 
for UNS S31603.  The increase in magnitude of synergy is controlled primarily by a critical 
kinetic energy.  To examine this relationship further, a plot of the ratio of synergy to erosion-
corrosion  rate  (S/T)  versus  the  ratio  of  erosion  to  erosion-corrosion  rate  (E/T)  was 
constructed and is shown in Figure 4.4.  The slope of the graph (-1) indicates an inversely 
proportional relationship between the two fractional portions of the total erosion-corrosion 
rate.  Thus, it can be hypothesized that for UNS S31603, synergy is a larger proportion of the 
total  erosion-corrosion  rate  when  the  erosion  rate  is  low.  However,  as  the  erosion  rate 
increases,  synergy  does  not  increase  proportionally  and  erosion  becomes  the  dominant 
mechanism with minimal synergy levels. These observations are consistent with trends from 
published  literature  results  for  stainless  steel  316  including  jet  impingement  rigs,  where 



























Figure 4.3  Experimental results for erosion-corrosion, erosion and synergy variation 
with sand concentration (flow velocity 7 m s
-1, sand size 294 μm, fluid 
temperature 40°C) 
 Erosion ratio (E/T)





















Figure 4.4  The trend between the ratio of synergy (S/T) and the ratio of erosion over the 
total erosion-corrosion rate (E/T) for stainless steel 316 in various test 
conditions (Literature Source ([62, 64, 66, 103-104]).  
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4.4.3  The influence of sand size on erosion-corrosion 
 
One of the many factors that affects erosion and erosion-corrosion rates is the particle 
size.  Figure 4.5 shows the variation of mass loss rate with particle size from the slurry pot 
erosion tester. Tests conducted under both erosion and erosion-corrosion conditions for UNS 
S31603 showed that medium sand produced the highest mass loss rate, followed by coarse 
sand, with the lowest rates seen for tests with fine sand conditions. This finding is rather 
interesting as it implies that there exists an optimal particle size range in a slurry pot erosion 
tester that causes maximum erosion and erosion-corrosion, which lies between 100 μm and 
600 μm. The concept of collision efficiency defined as the ratio of the number of particles 
striking the surface and the number of particles contained within the volume of suspension 
swept by that area in unit time is a useful parameter in examining the particle size effect in 
the erosion process [21].  Smaller particles with lower kinetic energy are believed to undergo 
retardation and follow the fluid flow around the sample prior to impact, resulting in lower 
collision efficiency of the particles. This will lead to a lower erosion rate. It was also noted 
that for particles less than 100 μm, the particles might  fail to rebound from the surface due 
to the squeeze film effect and at even smaller sizes, they might even fail to penetrate the 
squeeze film and impact the surface [19, 21]. However, as the particles become larger, the 
possibility of particles rebounding and impacting incoming particles might also increase, 
similar to the effect of increasing the sand concentration which causes the “screening” effect 
[25]. This provides a possible explanation on the optimal sand size for maximum erosion. 
The threshold for particle size effect is also similar for erosion-corrosion, where the increase 
in particle size leads to an increase in the erosion-corrosion rate. But, above a critical value, 
the erosion-corrosion rate is independent of particle size [86].  The erosion-corrosion rates 
are significantly higher than the erosion rates because the larger particles depassivate larger 



























Figure 4.5  Experimental results for erosion, erosion-corrosion and synergy variation 
with sand size (flow velocity 7 m s




4.4.4  The influence of fluid temperature on erosion-corrosion 
 
The  effect  of  temperature  on  erosion  and  erosion-corrosion  is  shown  in  Figure  4.6. 
Experiments were conducted at 40°C and 60°C to elucidate this effect. It is observed that for 
both erosion and erosion-corrosion experiments, the mass loss is higher at 60° C compared to 
the experiments at 40°C.  Levy and Hickey [23] who studied the effect of temperature on 
erosion rates on a range of steels found that the increase in temperature affects the viscosity 
of the fluid under study. Viscosity is temperature dependent. The lower viscosities of fluid at 
high temperatures would reduce the drag force of the particles and increase erosion rates. 
This gives a possible explanation on the slight increase in erosion rates with temperature in 
this work. A 13% reduction in viscosity from 1.19 to 1.03 mm
2 s
-1 when the temperature is 
increased from 40°C to 60°C, increases the erosion rate by 4% at 9 m s
-1.  The mass loss 
rates  and  the  synergy  levels  are  also  more  significant  for  UNS  S31603  under  erosion-
corrosion conditions compared to pure erosion conditions. This is largely due to the fact that 
the corrosion reaction rate doubles with every 10°C increase in temperature [39]. It has also 
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been suggested that at higher temperatures, the solubility of the oxygen is reduced and may 
lower the cathodic reaction rates which limits corrosion [39]. However, this limiting effect is 
very small and is not dominant in the current work. It is postulated that in the current work, 
the  increase  in  temperature  increases  the  corrosion  component  during  erosion-corrosion 
through an increase in anodic dissolution. The mass transfer of corrosion products to and 
from the electrode at higher temperatures will also play an important role in this increase. 
However, a more controlled electrochemical experiment is necessary to confirm this. This 
observation  on  the  temperature  effect  has  also  been  observed  by  Aiming  et  al.  [60]  by 
studying the effect of temperature increase on two austenitic stainless steels 24Cr-25Ni-4Mo 
and 18Cr-12Ni-2Mo. They also argued that the higher electrochemical activity is responsible 
for the increase in erosion-corrosion rates in phosphoric acid (pH 1). 
Velocity ( m s
-1)























Figure 4.6  Experimental results for erosion, erosion-corrosion and synergy variation 
with fluid temperature (sand concentration 3 wt.%, sand size 294 μm) 
 
4.4.5   Volume loss versus kinetic energy 
 
From Section 4.2.1 it has been explained that an alternative way to compare erosion data 
from dispersed test conditions is by examining the relationship between volume loss, Vu, and 
kinetic energy, Ek, given by Eq. 4.3, 4.4 and 4.5.  A plot of these equations has its advantage  
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as it allows the deconvolution of the key operating parameters related to erosion, so that a 
practical comparison can be made between materials [158]. Figure 4.7 shows such a plot for 
the current work conducted for erosion data in the kinetic energy range of 0.44 to 1.44 μJ. 
These values were then corrected to include the squeeze film effect. Squeeze film factors of 
0.66, 0.67 and 0.68 were used corresponding to free stream velocities of 5, 7 and 9 m s
-1 
based on the derivation by Clark and Burmeister [31].  The data shows good correlation for 
both variations in velocity and sand concentration. A general relationship is seen between 
volume loss per impact, Vu, versus particle impact velocity, Up, and particle kinetic energy, 
Ek. These relationships can be expressed by Eq. 4.11 and 4.12 [158, 163] 
 
n
p u U V       (4.11) 
 
½
k u v E V       (4.12) 
 
 Although the relationship of velocity exponent of n = 2 is used by some researchers, 
Hashish [12] proposed a modified velocity dependence of n = 2.5. This modified velocity 
exponent  takes  into  account  particle  and  material  characteristics  including  material  flow 
stress, particle density and particle shape factor which  fits experimental values better as 
explained in Section 2.1.3.3. This is expressed by Eq. 4.12.  For ductile material, the value of 
ε in Eq. 4.13 which is the corrected factor to the modified velocity exponents, has been found 
to be between 1 and 1.2 previously [163].   
 
½
k u v E V       (4.13) 
 
In the current work for UNS S31603, the value of ε was evaluated to be 1.15 and a 
velocity exponent n of 2.8 was found. The graph of volume loss per impact versus 
½
kv E is 
shown in Figure 4.8. Sundararajan and Shewmon [14] in their erosion model suggested a 
velocity exponent of 2.5. They reviewed velocity exponents by numerous investigators and 
found that the velocity exponent ranged between 2 and 3.3 with a mean value of 2.55.  
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Figure 4.8  Comparison of volume loss per impact versus 
½









4.4.6   Erosion-corrosion mapping 
 
A graph of electrochemical loss (T-E) versus mechanical loss (E) was plotted to classify 
erosion-corrosion conditions, as shown in Figure 4.9. This form of mechanistic classification 
map has also been used for abrasion-corrosion [164].  This map shows that most of the data 
for UNS S31603 falls in either the erosion-corrosion or the corrosion-erosion region. The 
data from this work was also compared with erosion-corrosion data for SS316 from other 
researchers [62, 64, 66, 103-104] where a similar trend is seen.  As the velocity increases, the 
data moves from a corrosion-erosion to an erosion-corrosion region, indicating increasing 
mechanical erosion dominance.  A similar trend is also seen for sand concentration variation. 
At low sand concentrations, the mass loss rate is in the corrosion-erosion region and shifts to 
an erosion-corrosion region as the sand concentration increases. At low velocities and sand 
concentrations,  erosion  causes  the  passive  film  to  breakdown  and  accelerates  corrosion. 
However,  the  effective  material  removal  rate  is  relatively  low.  As  the  velocity  or  sand 
concentration increases, the increasing kinetic energy drives the mass loss rate towards the 
more mechanical dominant regime, despite increasing synergy levels. It is also observed that 
velocity has a higher influence on erosion-corrosion compared to sand concentration. 
 
 
Figure 4.9  Erosion-corrosion mapping of stainless steel 316 on the dominance of 




4.4.7   Erosion-corrosion mechanisms 
 
The  cylindrical  samples,  which  were  exposed  to  erosion-corrosion  experiments, 
were analysed using a roundness profiler to determine the shape of the wear scars on the 
specimens, which was subsequently converted to a linear surface profile. Figure 4.10 shows 
the profile of the cylindrical specimen subjected to erosion-corrosion at 7 m s
-1 and 3 wt.% 
sand concentration. The measurements for P1, P2 and P3 were taken at 15, 35 and 55 mm 
from the top of the test sample. Due to the nature of flow across a cylindrical sample and the 
contact between the test sample and the erodents, only half of the test sample is eroded.  This 
is illustrated in Figure 4.11 (a) and (b). The direction of the slurry flow is 180° to the test 
sample, as shown in Figure 4.10. It is observed that there is minimal wear at angles normal 
to the slurry and the wear rate increases along both directions normal to the flow, with peak 
erosion between the angles θ of 30° and 50°. This kind of wear profile correlates closely with 
observations by Clark and Hartwich [22].  The particles moving in a free stream velocity will 
impact the cylinder with either a normal or tangential velocity [22]. This will determine 
whether  the  cylinder  will  undergo  deformation  or  cutting  wear  as  discussed  in  section 
2.1.2.2.   
In  ductile  materials,  two  types  of  erosion  mechanisms  occur  simultaneously 
depending  on  the  particle  impact  angle.  Cutting  wear  exists  at  acute  angles  while 
deformation  wear  occurs  at  high  impact  angles  [3,  4].    It  has  been  well  accepted  that 
maximum erosion for ductile material occurs at low angles between 20° and 30° where 
cutting  mechanism  dominates,  whereas  erosion  is  low  at  high  impact  angles  where 
deformation wear occurs [1,3,4]. The W shaped scar observed from the linear surface profile 
confirms  this  observation.  The  variation  of  erosion  distribution  on  the  specimen  with 
distance from the stagnation point (in this case 175 mm from the linear profile) has been 
noted by Benchaita et al. [16]. The W shape scar refers to the experimental observation 
where the erosion depth increases from stagnation point (minimum erosion) to a maximum, 
and then  decreases  again asymptotically  at larger  distances  from  the  stagnation  point  as 
observed in Figure 4.10.  Benchaita et al. [16] attributed this to the variation in normal and 
horizontal  velocity  components  (function  of  impact  angle)  as  described  above.  The 
maximum depth of the wear scar is measured to be 18.5 μm, 8.5 μm and 14 μm for P1, P2 
and P3 respectively. The W shaped scar in this work is not completely symmetrical due to 
the nature of the fluid flow in the test rig, which is rotational in nature. This would mean the 
direction of the flow relative to the sample surface (clock wise in this case) would be faster 
on one side of the test specimen, hence causing higher erosion damage on that particular 
side. Although the cylindrical specimens in a slurry pot have an advantage of being able to  
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undergo erosion at a variety of impact angles, it is also a limitation that the angles cannot be 
controlled.  Nevertheless, the wear profile in Figure 4.10 gives us a good indication on the 



















*Not to scale  
 
Figure 4.10  Roundness and surface profile of a cylindrical specimen subjected to 
erosion-corrosion (velocity 7 m s
-1, sand concentration 3 wt.%).  Direction of 
flow 180° to the specimen. The measurements for P1, P2 and P3 were taken 
at 15, 35 and 55 mm from the top of the test sample. 
 
The linear surface profile shows that the top of the specimen, P1, exhibits the highest 
wear rate compared to sections P2 and P3. This is possibly due to the turbulent flow in the  
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slurry pot erosion tester which keeps the particle suspended at all times. The baffles also play 
a  role  to  allow  the  particles  to  remain  suspended  at  all  times.  This  causes  most  of  the 
particles to be suspended on top of the fluid, hence causing maximum erosion in this area. 
 





Figure 4.11  Schematic of  (a) contact between the erodent and test sample (b) potential 
flow and schematic of erodent impacting the test sample 
 
    Figure 4.12 shows SEM micrographs of the different surfaces (a) polished sample, 
(b) sample subjected to flow corrosion and (c) sample subjected to erosion-corrosion taken at 
a 30° angle normal to the flow direction, in the middle of the test specimen (35 mm from the 
top). The sample subjected to flow corrosion is slightly roughened due to the fluid flow 
across the specimen. The sample subjected to erosion-corrosion exhibits the formation of  
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craters and lips and the sample is seen to be severely roughened, typical for material which 
has been subjected to solid particle erosion. 
    The surface of the specimen in Figure 4.12 (c) shows that it has undergone multiple 
overlapping impacts with the formation of craters, platelets and extruding lips. When the 
particle has sufficient kinetic energy to form craters on the eroded surface, the eroded area 
might either be removed immediately or it may form extruded lips or platelets, which are 
susceptible to removal by subsequent impacts. Levy [5, 6] proposed a platelet mechanism 
where a combined mechanism of extrusion and forging occurs at all impact angles. Platelets 
are formed initially causing adiabatic shear heating to occur below the surface area, leading 
to  the  formation  of  a  work  hardened  zone.  Steady  state  erosion  begins  when  the  work 
hardened  zone  reaches  its  stable  hardness  and  thickness.  In  this  extruded  condition,  the 











Figure 4.12  SEM Images of a test sample (a) polished sample (b) flow corrosion (flow 
velocity 7 m s
-1 and fluid temperature 40°C) (c) erosion-corrosion (flow 
velocity 7 m s
-1, sand size 294 μm, fluid temperature 40°C) 
 
  The difference in the surface morphology when the sample is subjected to erosion-
corrosion with increasing velocities is shown in Figure 4.13 (a) - (c).  As the velocity varies 
from 5 m s
-1 to 9 m s
-1 although the formation of lips and craters are visible in all cases, the 
depth of the craters and length of the lips are significantly larger at 9 m s
-1. This is mainly 





on the surface. The longer lips from the surface at 9 m s
-1 also implies that the particle cuts 
deeper into the surface and pushes the material to the edge of the scar, forming a prominent 
lip which is heavily strained and can be easily removed by subsequent impacts [1]. This is 
identified as the main mechanism for material loss during erosion-corrosion and the reason 
why there is an increase in material loss at higher velocities. The SEM images also show that 
as the velocity is varied between 5 m s
-1 and 9 m s
-1, the number of craters and lips generated 
on the surface also increases. This indicates that for the same erodent concentration, the 
increase in velocity also causes higher frequency of impacts, hence increasing the probability 
of material removal.   











    
 
Figure 4.13  SEM Images of a test sample subjected to erosion-corrosion at different test 
velocities (a) 5 ms
-1, (b) 7 ms
-1 and (c) 9 ms
-1 (sand concentration 3 wt.%, 
sand size 294 μm, fluid temperature 40°C) 
 
  The surface of the material clearly shows that the mechanical erosion process has a 
more dominant role for UNS S31603. The role of erosion in accelerating corrosion from 
these micrographs can be explained by the frequency of particles impacting the surface, 
leading to removal of the protective oxide film formed, and hence accelerating corrosion. 
The  generation  of  surface  roughness  through  the  craters  would  also  create  more 
microgalvanic sites on the surface of the material, which would alter the corrosion behaviour 
of the material [107]. The higher surface roughness may also promote microturbulence and 
enhance local microelectrode behaviour at the tips of the impact craters [76]. 
 
4.4.8   Evaluation of the model 
 
The semi-empirical model defined in section 4.2 is compared with experimental results to 
determine its applicability to the passive system used in the current work. From the semi-
empirical model proposed by Harvey et al. [157], the rise in current density of the eroded 
surface was designated as (ia =10× iu) for low, (ia =30× iu) for medium, (ia =100× iu) for high 
and  (ia  =1000×  iu)  for  very  high    synergy  levels,  where  ia  and  iu  are  the  affected  and 






variation with velocity, the experimental values fall between the modelled high and very 
high synergy values.  These results are not surprising as higher current densities of affected 
areas have been reported previously of up to 6000 times larger than the unaffected area 
[165]. For the erosion-corrosion mass loss variation with sand concentration, as depicted in 
Figure 4.15, the experimental values of the mass loss rate were evaluated to be higher than 
the  modelled  very  high  values  (ia  =1000×  iu)  at  a  low  sand  concentration  of  1  wt.%. 
However,  as  the  sand  concentration  increases,  the  experimental  values  fall  between  the 
modelled high and very high synergy levels. These results differ from the model values 
obtained by Harvey et al. [157] for carbon steel, where medium factor ranges were obtained 
for variation in sand concentration and a high factor for variation with velocity.  It can be 
deduced that the rise in current density observed by Harvey et al. [157] is a function of the 
velocity  and  sand  concentration  as  predicted  by  the  model.  This  relationship  has  been 
observed by Burstein and Sasaki [70] where the rise in current transient during particle 




Figure 4.14  Comparison between experimental and model values for erosion-corrosion 
variation with velocity based on a semi-empirical model at 3 wt.% sand 
concentration and fluid temperature 40°C (Values for rise in current density 
designated as (ia =10× iu) for low, (ia =30× iu) for medium, (ia =100× iu) for 
high and (ia =1000× iu) for very high synergy levels, where ia and iu are the 




Figure 4.15  Comparison between experimental and model values for erosion-corrosion 
variation with sand concentration based on a semi- empirical model at 7 m s
-
1  and fluid temperature 40°C (Values for rise in current density designated as 
(ia =10× iu) for low, (ia =30× iu) for medium, (ia =100× iu) for high and (ia 
=1000× iu) for very high synergy levels, where ia and iu are the affected and 
unaffected current density) 
 
  The  results  from  this  work  were  also  compared  with  the  synergy  classification 
empirical model given by Eq. 2.30 and 2.31, in section 2.3.2.  The results are shown in 
Figure 4.16, and it reveals that most of the synergy values fall within the medium synergy 
range except at a low sand concentration of 1 wt.%, where the synergy lies on the high 
synergy range which is consistent with the semi-empirical model. Wood and Hutton [55] 
summarised those synergistic values for medium synergy ranges to be between 30% and 
60% of the total wear rate, and for high synergistic values it accounts for > 60% of the total 
wear rate.  The value of synergy obtained in the current work fell between 30% and 57% 
except  at  a  low  sand  concentration  of  1  wt.%,  where  a  synergistic  value  of  64%  was 




Figure 4.16  Comparison between experimental values and model values for S/C vs E/C 
ratios based on synergy classification by Wood-Hutton empirical model (Eq. 
2.30 and 2.31 [55, 56]) 
 
The current work for a passive system differs  in some aspects  from the work for 
carbon steel studied by Harvey et al. [157].  For UNS S31603 which is a passive system, 
corrosion occurs predominantly when the passive film is broken (in this work due to solid 
particle impacts).  Wang and Li [165] who applied an electrochemical scratch technique to 
evaluate the contributions of mechanical and electrochemical wear on mild steel, cast iron 
and high chromium cast iron, found that the ratio of wear-corrosion to pure corrosion for 
mild steel was higher than for a High-Cr cast iron in tap water. However, when subjected to 
3.5%  NaCl,  the  ratio  was  higher  for  High-Cr  cast  iron  compared  to  mild  steel.  It  was 
suggested that for a corrosion resistant alloy such as High-Cr cast iron in tap water, wear 
may not significantly increase its corrosion rate but for the less corrosion resistant mild steel, 
it would be vulnerable to corrosion. However, in 3.5% NaCl where the corrosion of mild 
steel was already high, the ratio of wear-corrosion to pure corrosion would not be as high as 
the ratio for High-Cr cast iron. This is because for the High-Cr cast iron, the activation of 
wear removes the passive oxide layer and exposes it to the aggressive chloride media.   
 
  When comparing the current work and the work by Harvey et al. [157], it can be 
hypothesized that for an actively corroding material like carbon steel, the increase in current 
density during erosion-corrosion might not be as high as that for stainless steel, because of  
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the high corrosion rates already occurring on the material.  For stainless steel on the other 
hand, there is a large increase in current density between its affected and unaffected area due 
to its tendency to form a passive film. Guo  et al. [166] in their experiment with 0.1 M 
Na2SO4 postulated that the impingement of sand does not alter the corrosion behaviour of 
carbon  steel  significantly  compared  to  a  passive  system.  This  could  provide  a  possible 
explanation for the larger rise of current densities predicted from the model.  More recently 
in a study conducted by Lu et al. [63] who measured the current density increase due to 
particle impingement for stainless steel 304 in tap water, found that current density increases 
between  800  and  1140  times  that  of  the  stable  current  density  free  of  solid  particle 
impingement. Therefore, the predicted values of between high and very high values up to (ia 
=1200×  iu)  seem  reasonable  for  stainless  steel.  The  semi-empirical  model  provides 
reasonable agreement of assessing erosion-corrosion rates for a passive system.  
 
4.4.9   Limitations of the model 
 
The model developed by Harvey et al. [157] managed to take into account some of the 
dominant  synergy  mechanisms.  It  provides  a  good  basis  for  future  model  development. 
However, there are some limitations to this model. The model does not take into account the 
area effect during solid particle impact. It is also unable to accurately predict the erosion 
enhanced  corrosion  rates.  Further  experiments  need  to  be  conducted  in  a  controlled 
environment to compare single and multiple particle impact events to elucidate if the rise in 
current density is an accumulation of individual particle impacts and to what extent the 
environmental  parameters  can  increase  this  synergistic  effect.  The  model  also  does  not 
include transient corrosion situations where factors such as the influence of different fluids, 
metal potential and temperature become important. For example, the repassivation time in 
this work has been assumed to be an average time based on literature. However in reality, the 
recovery time will also depend on the nature of the fluid, temperature and microgalvanic cell 
potential.  
The surface material removal mechanism during erosion-corrosion has been studied in 
detail.  However, it is extremely difficult to develop models if the exact nature and response 
of  the  material  and  microstructure  to  erosion-corrosion  is  not  understood.  This  includes 
investigation of the subsurface damage and near surface microstructure. Techniques such as 
FIB and TEM would greatly enhance understanding of multiple particle impact events as it 
would  allow  specific  wear  and  corrosion  features  to  be  milled  and  imaged  with  high 
accuracy. As both erosion and corrosion are dependent on various material properties, this  
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mechanistic study would be a significant improvement from the current understanding which 
is focused on parametric studies. 
 
  Another complexity not taken into account in the model is the interaction between 
the various parameters which influence the wear process. The usage of statistical techniques 
would allow interactions and huge quantities of experimental data to be interpreted with 
ease. It is a helpful tool in predicting trends and building models in complex processes such 
as  erosion-corrosion  interactions.  This  is  important  as  the  roles  of  two  variables  acting 





























4.5   Conclusions 
 
A semi empirical model previously employed for actively corroding carbon steel has been 
evaluated for a passive system (UNS S31603). The experiments were performed using a 
slurry  pot  erosion  tester  and  experimental  values  for  pure  erosion,  flow  corrosion  and 
erosion-corrosion were determined. The following conclusions can be drawn: 
 
1.  Erosion,  flow  corrosion,  erosion-corrosion  and  synergy  increase  with  increasing 
velocity.  This is due to the increase in kinetic energy of the particles causing a more 
effective impact on the surface, hence removal of the material and passive film. It was 
found  that  synergy  levels  at  low  velocities  are  higher  than  the  pure  erosion  rate. 
However with increasing velocities, the erosion rate becomes higher than the synergy 
rates.  
 
2.  The increase  in  sand  concentration increases  the  erosion  and  erosion-corrosion  rates 
mainly due to the increase in the number of particles impacting the surface causing 
material  loss.  The  rate  of  depassivation  also  increases  with  the  increase  in  sand 
concentration, hence accelerating corrosion and leading to increased synergy levels. 
 
3.  The highest erosion and erosion-corrosion rates were observed for medium sized sand 
(294 μm) followed by the coarse sand (665 μm) and finally fine sand (106 μm). It is 
believed  that  there  is  an  optimal  particle  size  which  causes  maximum  erosion  and 
erosion-corrosion. 
 
4.  The rate of erosion and erosion-corrosion increases with increasing temperature. The 
erosion rate increases slightly, attributed to the change in slurry viscosity which reduces 
with  increasing  temperature,  hence  reducing  the  particle  drag  force.  The  erosion-
corrosion rate in comparison increases due to the increase in the electrochemical activity 
with increased corrosion reactions, hence producing high synergy levels. 
 
5.  It has been observed for a passive metal like UNS S31603, the ratio of synergy over the 
total erosion-corrosion rate (S/T) is highest when the erosion rates are low, owing to the 
influence of corrosion in synergism. As the erosion rate increases, the total erosion-
corrosion rate becomes erosion dominated causing the ratio (S/T) to be lower. This is 
attributed  to  the  effectiveness  of  material  removal  at  high  impact  energies  and  the 




6.  Surface and roundness profiling measurements show typical ductile material behaviour 
with cutting and deformation mechanisms occurring simultaneously. Maximum erosion 
occurred at specimen angles between 30° and 50° as seen from the roundness profile. 
The surface profile exhibited a W shaped wear scar consistent with literature studies.  
 
7.  SEM  investigations  revealed  that  the  surface  of  the  specimen  subjected  to  erosion-
corrosion exhibits formation of multiple super-imposed craters and lips. The depth of the 
crater, length of the lips and the number of craters and lips increases with increase in 
velocity due to the higher momentum of the particles to cut and deform the surface at a 
higher frequency. 
 
8.  The semi-empirical model has been successfully employed for a passive system where 
the model correlates between high (ia =400× iu) and very high synergy values (ia =1200× 
iu). The synergy factors are seen to be a function of velocity and sand concentration.  
 
9.  Comparisons  with  a  synergy  classification  empirical  model  found  that  most  of  the 
synergy values in the current work fall within the medium synergy range, except at a low 
sand concentration of 1 wt.% where the synergy lies on the border of medium-high 
synergy levels. 
 
10. In  order  to  overcome  limitations  with  the  current  modelling  approach,  a  better 
mechanistic study on the subsurface deformation mechanism is needed, using techniques 
such as TEM and FIB to study specific wear and corrosion features at high resolution 















5  Investigation of single and multiple particle impact events using in-
situ electrochemical measurements in a slurry pot erosion-tester. 
 
5.1  Introduction 
 
In the previous chapter, the effect of various parameters influencing erosion-corrosion, 
which were derived from gravimetric results was presented. This method however, does not 
provide any insight on the electrochemical response of the material during erosion-corrosion. 
In  this  chapter,  a  modified  slurry  pot  erosion  tester  has  been  used  to  perform  in  situ 
electrochemical investigations. The aim of this chapter is to investigate the effect of velocity, 
sand size, sand concentration and the associated rise in current on a passive metal (UNS 
S31603) during erosion-corrosion.  The samples are subjected to a set of erosion-corrosion 
experiments, and the fluctuations in corrosion current noise level in different test conditions 
are  explained  with  respect  to  the  erosion  enhanced  corrosion  synergistic  effect.  The 
depassivation and repassivation of the  oxide film and the current transients during solid 
particle  impingement  are  observed  through  electrochemical  noise  measurements.  Single 
particle impact experiments were also performed to study the repassivation time and peak 




5.2  Methodology 
 
Details of the modification to the slurry pot erosion tester to fit an electrochemical cell are 
described in section 3.3.3. The effects of velocity, sand concentration and sand size  are 
investigated  during  erosion-corrosion  and  the  results  are  plotted  as  current  fluctuation 
(current noise) versus time. The area under the graphs of current (I) versus time (t) gives the 
electrochemical  charge  (Q).  Tests  were  conducted  for  300  s  and  the  test  matrix  for  the 
experiments is given in Table 5.1. A data acquisition rate of 10 Hz was used and all tests 
were conducted at Open Circuit Potential (OCP) of -0.06 V as described in section 3.3.1. The 
test samples were analysed using SEM to obtain a physical understanding of the erosion-
corrosion mechanisms. The test solution was 3.5% NaCl solution instead of 0.3 M HCl used 
in the previous chapter for a couple of reasons. Firstly, there is extensive literature studying 
the  erosion-corrosion  behaviour  of  UNS  S31603  in  3.5%  NaCl.  The  development  of  a  
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modified  slurry  pot  tester  with  in-situ  electrochemical  measurements  would  allow  the 
experimental results to be compared with literature results.  Secondly, 0.3 M HCl is also an 
aggressive  solution  and  for  sensitive  electrochemical  measurements,  3.5%  NaCl  would 
provide more stable measurements. 
 
Table 5.1  Test Matrix for UNS S31603 in 3.5% NaCl 
  Sand 
Concentration 
Solution  Sand Size  Velocity/  m s
-1 










Fine       
Medium       
Coarse       
 
3 wt.% 
Fine       
Medium       
Coarse       
 
5 wt.% 
Fine       
Medium       
Coarse       
 
 
Single particle impact experiments were conducted to investigate the current rise due to 
single  particle  impingements  and  the  associated  repassivation  time  and  kinetics.  As  the 
particle  impact  occurs  over  very  short  durations  in  the  order  of  milliseconds,  the  data 
acquisition frequency was increased to 1000 Hz to capture individual impact events. The 
instrument  noise  was  measured  to  be  approximately  15  pA.  Therefore,  it  would  not 
significantly affect the current readings which are in the range of μA to mA. In order to 
increase the probability of measuring particle impacts, a small quantity of particles were 
placed in the slurry pot through the top of the lid. The particles were added after the rotation 
had started, to increase the chances of identifying single particle impacts. The current levels 
were then monitored using potentiostat (PC4-750) and when the particle impacts the surface, 
an electrochemical current transient is recorded. These tests were conducted at three different 
velocities of 5, 7 and 9 m s








5.3   Results and discussion 
5.3.1  Effect of velocity on erosion enhanced corrosion 
 
The effect of velocity on corrosion current noise is depicted in  Figure 5.1 where the 
increase in velocity causes an increase in current levels. The average current noise levels 
were between 55 and 80 μA. The sudden rise in current at 120 seconds is related to the point 
where the test is started. Here the depassivation of the oxide film by the mechanical action of 
solid  particles  impinging  the  surface,  exposes  the  underlying  surface  and  thus  increases 
corrosion activity.  The erodent particle deforms the surface causing damage to the passive 
film as well as the metal surface below. The increase in surface roughness through multiple 
particle impacts also leads to the formation of various micro galvanic sites, which further 
increases the corrosion rate [107].  The increase in current levels with the increase in fluid 
velocity is attributed to the increase in kinetic energy of the particle and the mass transport of 
the fluid flow [49]. This causes higher material removal rates as well as increased frequency 
of  particle  impact.  The  inability  of  the  oxide  film  to  repassivate  fast  enough  further 
accelerates corrosion. At 420 seconds when the test is stopped, the metal surface repassivates 
and the current level drops close to its original values. The current level does not return 
exactly  to  its  original  value,  as  the  deformed  surface  has  a  slightly  different  potential 
compared to the fresh surface due to the increased surface roughness of the metal. 
Time (s)
















Figure 5.1  Erosion enhanced corrosion variation with velocity (sand concentration  1 wt.%, 
sand size 294 μm, fluid temperature 40°C)  
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  The nature of the flow in the slurry pot will depend on the difference in size or shape 
of  the  specimen  (cylinder)  and  the  degree  of  baffling  [167]. The  flow  in the slurry  pot 
erosion tester is turbulent even at low Reynolds number (low velocities). The rotational 
speed used in this work is in the range of 900 to 1600 rpm with Reynolds number of between 
28,000 and 48,000, within which the flow is always turbulent. These high turbulent values 
increase  the  mass  transfer  in  the  test  rig  by  increasing  the  surface  roughness  and  mass 
transport of oxygen and iron to and from the surface, hence increasing the corrosion rate 
[39]. 
    Speyer [80] introduced a concept of Total Incident Sand Kinetic Energy (TISKE) 
which gives the amount of sand kinetic energy imparted by the particles over the given test 
duration, by estimating mass and velocity of sand passed in a second multiplied by the total 
test  duration  for  a  jet  impingement  rig.  This  calculation  for  the  slurry  pot  tester  was 
estimated by the number of particles impacting for the given test duration (1 hour) multiplied 
by  the  average  kinetic  energy  per  impact.  The  number  of  impacts  is  calculated  from 
estimating the number of particles per litre multiplied by the volume swept by the slurry for 
the given test speed, while the number of particles per litre is obtained by dividing the total 
mass of erodent for a given volume divided by the mass of a single erodent. An increase in 
the average current noise with increasing TISKE was observed as shown in Figure 5.2. This 
supports  the  argument  that  the  enhanced  corrosion  levels  due  to  particle  impact  are  a 
function of kinetic energy. The average current noise was calculated from the mean current 
throughout the entire test duration, while the error bar is obtained from the maximum and 
minimum current values during the test.  The ability of the passive film to repassivate under 
erosion-corrosion conditions is vital in assessing the corrosion rates of a passive metal. Stack 
and Pungwiwat [58] developed erosion-corrosion maps for aluminium as a function of slurry 
velocity and electrochemical potential. It was noted that depending on the pH of the slurry 
and  the  potential,  the  erosion-corrosion  mechanisms  can  be  classified  into  erosion 
dominated,  dissolution  dominated  or  passivation  dominated.  High  synergistic  effects  are 
generally observed at low velocities where the passive film has an effect on the erosion 
process.  The  increase  in  velocity  would  generally  cause  the  material  to  move  from  a 
dissolution  (or  passivation)  dominated  region  to  an  erosion  dominated  region,  as  the 
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Figure 5.2  Average current noise versus  Total Incident Sand Kinetic Energy (sand size 
294 μm, fluid temperature 40°C) 
 
5.3.2  Effect of sand concentration on erosion enhanced corrosion 
 
The  current  versus  time  response  was  recorded  with  variation  in  sand  concentration 
between 1 and 5 wt.% as shown in Figure 5.3. It is observed that as the sand concentration 
increases, the average current noise level also increases.  The increased number of particles 
at higher sand concentration produces higher material and passive film removal rates. The 
increased film removal rate and depassivated area enhances metal dissolution rates [65]. 
Figure 5.4 shows the correlation between average current noise levels with the estimated 
number  of  particles  within  the  slurry.  Stack  and  Pungwiwat  [58]  proposed  that  with 
increasing velocities, erosion becomes the dominant material removal mechanism making 
the corrosion dominance less significant. To analyse this further, a graph of average current 
noise level versus number of impacts per second was plotted, as shown in Figure 5.5. In this 
graph, for both velocity increase from 5 to 9 m s
-1 and sand concentration increase from 1 to 
5 wt.%, the number of impacts per second increases. This is calculated by estimating the 
number of particles per litre within the slurry multiplied by the volume of slurry swept per 
litre in the slurry pot tester. The average current noise levels were found to increase with the 
number of particle impacts per second. The increase in velocity however, showed a more 
pronounced increase of current levels compared to sand concentration, although the number  
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of  impacts  per  second  was  far  higher  with  increase  in  sand  concentration.  This  clearly 
indicates  that  the  number  of  particle  impacts  is  not  the  only  determinant  in  increased 
















Figure 5.3  Erosion enhanced corrosion variation with sand concentration (velocity 7 m s
-1, 
sand size 294 μm, fluid temperature 40°C) 
Number of Particles (N)



















Figure 5.4  Average current noise variation with number of particles (velocity 7 m s
-1, sand 
size 294 μm, fluid temperature 40°C) 
Time (s)

























































Figure 5.5  Average current noise variation with number of impacts per second (velocity 5, 
7 and 9 m s
-1, sand concentration 1, 3 and 5 wt.%, sand size 294 μm, fluid 
temperature 40°C) 
 
5.3.3  Effect of sand size on erosion enhanced corrosion 
 
Figure 5.6 shows the current versus time curve for three different average sand sizes 
which are 106, 294 and 665 μm respectively. The highest corrosion currents are observed for 
the medium sized particles, followed by the coarse particles and finally the lowest current 
levels are seen for the fine particles. These results are consistent with the gravimetric results 
presented in section 4.4.3. The mean value for the current range is from 58 μA for the fine 
sized erodents to 68 μA for the medium sized erodents.  It has been suggested that for a 
constant particle concentration by weight, there is a balance between the higher number of 
particle impacts for smaller particles and the greater extent of damage generated from the 
larger particles [86]. As particle size increases, there are fewer particles to impact the surface 
(i.e. lower impact rate). However, each particle will be heavier and thus have greater kinetic 
energy, causing more damage per impact. SEM image of particles taken after the test shown 
in Figure 5.7 indicate that the particles appear to be more rounded compared to the initial 
images before the test in Section 3.1.3. This is believed to be due to particle degradation by 
fragmentation. This  may  also  explain  why  the  largest sized particle  show  lower  erosion 
enhanced corrosion rates compared to medium sized particles as bigger particles are more 
 7 m s
-1, 1 wt.% 
 5 m s
-1, 1 wt.% 
 9 m s
-1, 1 wt.% 
 7 m s
-1, 3 wt.% 
 7 m s
-1, 5 wt.%  
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susceptible to fragmentation. It should be noted that this analysis assumes 100% collision 
efficiency, when in reality there will be overlapping impacts and many particles that would 
not even impact the specimen.  Besides that, the possibility of only a small portion of the 
particle tip impacting the surface and particle-particle interaction at larger sand size also 
contribute to the complexity in analysing the particle size effect [25]. 
 
  Time(s)

















Figure 5.6  Erosion enhanced corrosion variation with sand size (velocity 7 m s
-1, sand 
concentration 1 wt.%, fluid temperature 40°C) 
 
 
Figure 5.7  SEM Image of the particles after the test showing particle degradation  
Rounded  particles 
due to fragmentation 
and degradation  
121 
 
5.3.4  Surface analysis 
 
SEM analysis was performed at high magnifications in order to obtain a fundamental 
understanding of the material removal mechanisms. Figure 5.8 shows formation of an impact 
crater on the material surface. The crater shows a ploughing mechanism as described by 
Hutchings [1, 168] in which the lip has been removed. In this type of material removal 
mechanism, a particle which has impacted the surface pushes the material in the direction of 
the particle, hence forming a lip. However, not all the material that is extruded is manifested 
to  lips.  Some  of  the  material  is  displaced  on  the  sides  of  these  impact  craters.  Closer 
observation shows traces of displaced material can also be seen around the crater. It is likely 
that most of the material that has been removed will have been swept away by the slurry. 
This kind of material removal is normally seen when rounded particles impact the surface [1, 
168].  However  during  accelerated  erosion-corrosion  experiments,  some  angular  particles 
may become rounded due to degradation of the particles. This is particularly so in the case of 
the slurry pot tester used, where each particle probably hits the sample many times.  
 
   
Figure 5.8  Formation of an impact crater on the surface subjected to erosion-corrosion (7 
m s
-1, sand concentration 1 wt.%, sand size 294 μm, fluid temperature 40°C) 
 
  Figure 5.9 shows the type I cutting mechanism proposed by Hutchings [1] as the 
crater appears to be deeper than the one in Figure 5.8. Here, the erodent impacts at an acute 
angle and rebounds from  the surface with a rotational velocity in the forward direction. 
During this process, the erodent cuts deep into the surface and extrudes the material to the 
Displaced material 
Impact crater 
Impact direction  
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exit  end  to  form  a  prominent  lip.  This  heavily  strained  lip  can  be  easily  removed  by 
subsequent impacts. In Figure 5.9, the lip is seen to be folded in the forward direction. It can 
be assumed that in this case, either the erodent has rotated forward to cause the folding or 
another particle has impacted the lip at a direction normal to the surface, without sufficient 
kinetic energy to cause material removal. The mechanisms described above involve one 
particle impacting a surface. In reality, there are numerous particles impacting the surface 
resulting  in  multiple  superimposed  lips  and  craters.  Figure  5.10  (a)  and  (b)  shows  two 
surfaces that have been exposed to erosion-corrosion at velocities higher (9 m s
-1) and lower 
(5 m s
-1) than previously explored. From the surfaces, the general surface features seem 
similar with the surface being dominated by the formation of vulnerable heavily strained lips 
and flakes at all velocities. The difference is that at high velocities the depth of cutting for 
samples at 9 m s
-1 is deeper than that at 5 m s
-1. Also, multiple layers of impacts are seen for 
the sample at 9 m s
-1. 
 
Figure 5.9  Formation of an extruded lip on the surface during erosion-corrosion (velocity 7 
m s




Impact direction  
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Figure 5.10  Formation of multiple superimposed eroded flakes on the surface (a) 9 m s 
-1 (b) 
5 ms 
-1 (sand concentration 1 wt.%, sand size 294 μm, fluid temperature 40°C) 
 
The mechanisms that have been described thus far only deal with the erosion aspect of the 
material removal. In erosion-corrosion, the existence of corrosion is said to also play a role 
in accelerating the erosion rates. Figure 5.11 (a) and (b) show SEM micrographs taken of a 
sample at different magnifications. In these micrographs, the flakes and lips appear to be 
cracked. Li et al. [54] have also observed the same phenomena in their experiments with 
aluminium. They proposed that the cracking is caused by the corrosion action attacking the 
roots of these lips and flakes. This localised attack and cyclic strains by multiple impacts 
cause enhanced crack growths until a point where the flakes are detached and removed from 
the material. 
 
    
Figure 5.11   Cracking  of  flakes  on  the  surface,  images  at  different  magnifications  (a)  x 
30,000 (b) x 10,000 (velocity 7 m s
-1, sand concentration 1 wt.%, sand size 294 
μm, fluid temperature 40°C) 
flakes 
flakes 
(a)  (b) 




of flakes  
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5.3.5  Comparison with a semi-empirical model 
 
The gravimetric results from the UNS S31603 experiments in 3.5% NaCl were compared 
with the semi-empirical model described in the previous chapter. For both the experiments 
with variation in velocity and sand concentration, medium and high synergy values were 
recorded as shown by Figure 5.12 and Figure 5.13 respectively. The values represent an 
increase of current density of (ia =30× iu) for medium, and (ia =100× iu) for high synergy 
values. The maximum current rise is defined as the difference in the peak current between an 
eroded  and uneroded surface  as  illustrated  in  Figure  2.29,  section 2.5.3. This  is  a  good 
approximation to the experimental results which show increases in current levels of between 
20 to 40 times during erosion-corrosion.   
The  maximum  current  would  also  depend  on  the  potential  of  the  working  electrode.   
Neville and Hu [169] have systematically plotted this maximum current as a function of 
applied potential between -0.2 V and 1 V for UNS S32654. It was found that beyond 0.4 V, 
there is a general trend in current increase with applied potential. However, below this value 
no good correlation has been observed. Comparing their results with the potential of the 
working electrode closest to the one used in this work (-0.06 V), the maximum current was 
measured  to  be  about  25  times  higher  than  the  uneroded  surface,  consistent  with  the 
approximation  by  the  model.    These  results  differ  from  the  earlier  results  presented  in 
Chapter 4, where higher current increases of up to (ia = 100 -1000× iu) were seen. The reason 
for this is the highly corrosive 0.3 M HCl slurry used in the previous work. Stainless steels 
have poor corrosion resistance to hydrochloric acid. The high synergy values obtained in 0.3 
M HCl show that a high level of metal dissolution occurs when the particle impacts the 
surface. The corrosion rates of stainless steels are generally larger in hydrochloric acid as 
compared to 3.5% NaCl [93]. To actually quantify the current rise due to particle impact in 
3.5% NaCl, single particle impact experiments are necessary. The next section will discuss 
this approach and investigate the actual current rise during particle impingement. 
 
   The higher synergy approximation obtained by the model of up to ia =100× iu   is 
mainly  due  to  the  fact  that  the  pure  erosion  component  of  the  gravimetric  results  is 
considered in the model, while the experimental results here only assume current rise due to 
the deformation of surface and depassivation process. This indicates that the actual synergy 
values may be higher as there may be dependence of other mechanical and material related 
parameters  which  is  not  being  reflected  by  the  electrochemical  results.  Therefore,  the 
question that remains unanswered at this point is whether the model is taking into account all  
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Figure 5.12   Comparison between experimental and model values for erosion-corrosion 
variation with velocity in 3.5% NaCl based on the semi-empirical model (sand 
































Figure 5.13   Comparison between experimental and model values for erosion-corrosion 
variation with sand concentration in 3.5%  NaCl based on the semi-empirical 
model (7 m s












































5.3.6  Single particle impact experiments 
 
The current transients arising from single particle impacts at 5, 7 and 9 m s
-1 are shown in 
Figure 5.14. It can be seen from the graphs that the current prior to impact remains relatively 
stable during the experiment, until a point when the particle impacts the surface. At the point 
of impact a sudden rapid rise in current is observed, followed by a rapid exponential decay to 
the initial current levels. This is associated with the rupture of the oxide film followed by 
exponential decay of repassivation [71]. These current transients occur over a very short 
period of time between 18 and 38 ms.  As the velocity of the fluid flow is much higher than 
the critical velocity for pitting (1.5 m s
-1), the possibility of the current transients arising 
from pitting was dismissed [114]. The current levels observed here are also higher than the 
mean currents observed per metastable pit which range between 0.03 μA for static flow 
conditions and 0.31 μA for flow velocity of 2.7 m s
-1[114].  SEM analysis also confirmed 




































Figure 5.14   Single particle impact current transient at 5, 7 and 9 ms 
-1 (sand size 294 μm, 
fluid temperature 40°C) 
 
Although all three graphs show a similar current transient curve, the magnitude of 
the peak current differs for each velocity. At 5, 7 and 9 m s
-1, these were 49, 62 and 82 μA 
respectively. These peak current levels are plotted against the kinetic energy of the particles  
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and a linear relationship is observed as shown in Figure 5.15. This confirms the results from 
Section 5.3.1 where the average current noise levels were seen to be a function of kinetic 
energy. Sasaki and Burstein [46] observed a similar relationship between the peak current 
levels and the particle impact energy in their experiments with UNS S30403 in 0.6 M NaCl 
using a jet impingement rig. They went on to observe a threshold particle impact energy 
below which the oxide film of stainless steel was not ruptured. In their experiment, mass and 
velocities of particles were varied to observe this effect. The impact angle was also varied 
between  50°  and  90°.  The  threshold  impact  energy  below  which  the  oxide  film  is  not 
depassivated was measured to be 0.03 μJ for their experiments at 90° angle and 0.037 μJ for 
the experiments at 50°. It was explained that below this energy, only elastic deformation 
occurs on the surface as there is insufficient energy to rupture the passive film or cause 
material removal. As the kinetic energy used in this work was higher than 0.4 μJ no such 
observation was made.  
   Kinetic energy ( J)

























Figure 5.15   Peak current  and repassivation time versus kinetic energy (sand size 294 μm, 
fluid temperature 40°C) 
 
  Figure  5.15    also  shows  the  dependence  of  repassivation  time  with  kinetic 
energy.  A  linear  relationship  is  observed  where  the  time  taken  for  the  oxide  film  to 
repassivate after particle impingement is seen to be a direct function of kinetic energy. The 
reason for this is because particles with higher velocities have larger kinetic energies and 









removal  of  the  oxide  layer  and  larger  depassivated  area.  The  time  taken  for  the  larger 
depassivated  area  to  repassivate  is  then  dependent  on  the  peak  current  of  the  particle 
impingement. The average repassivation time in the current work is about 28 miliseconds 
with 9 m s
-1 exhibiting the longest repassivation time of 38 miliseconds. Other researchers 
have  obtained  shorter  repassivation  times  [170  -  172].  The  repassivation  times  vary 
depending  on  aggressiveness  of  the  test  solution [172].  In  Figure  5.16,  a  graph  of total 
charge  versus  calculated  Hertzian  contact area  per impact  indicated a  linear relationship 
[157,160]. An increase in the kinetic energy of the particle causes larger depassivated area 
and higher peak currents.  There is also another explanation stating that surface defects 
generated  by  the  increase  in  dislocation  density  and  subsequent  reduction  in  dislocation 
mobility  directly  beneath  the  impact  crater  would  promote  anodic  dissolution  hence 
corrosion to occur. [165]. The large currents associated with this dissolution could be one 
possible  reason  as  to  why  longer  repassivation  times  are  observed  for  the  large  kinetic 
energies as they would generate higher dislocation densities. However, it should be noted 
that the total charge consumed during multiple particle impact is not just an accumulation of 
single particle impact events, as often these particles interact with each other and there could 
be several particles impacting the same area [173].  
Hertzian contact area  m
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Figure 5.16   Graph of total charge versus Hertzian area  per impact for  the single particle 
impact experiments (sand size 294 μm, fluid temperature 40°C) 
 
  The repassivation kinetics of UNS S31603 from the current work, in 3.5% NaCl at 
9  m  s









repassivation kinetics for the current work. A second order exponential decay takes the form 














Where I(t) is the amount of current at time, t, I0 is the base current under static conditions, 
A1 and A2 are constants,  1 and 2 are the time constants and t0 is the test duration. Eq. (5.2) 
shows the second order exponential decay equation obtained for the current work. The same 
repassivation  kinetics  has  also  been  observed  by  Sun  et  al.  [174]  for  micro  abrasion 
corrosion experiments of cast CoCrMo. This being said, it should be cautioned that the rate 
of depassivation would also be dependent on other parameters such as the size and depth of 
scar, the rate of oxygen diffusion and also the nature of the corrosive slurry being used. Also, 
the  deformation  process  that  occurs  on  the  material  surface  is  complex,  and  localised 
corrosion  and  plastic  flow  that  occur  during  each  particle  impact  would  influence  the 
repassivation time. These might be possible reasons on why the second time constant is 
present in this work. 
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Figure 5.17   Repassivation with a second order exponential current decay at 9 m s
-1 (sand 
size 294 μm, fluid temperature 40°C)  
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SEM analysis of a single particle impact crater is shown in Figure 5.18. The mean 
wear scar area is measured to be about 28 μm
2 with a mean diameter of 3 μm (calculated 
from SEM micrographs), which is much smaller than the average size of the particle used in 
the experiment which is about 294 μm. The measured area of 28 μm
2 is also much smaller 
than the Hertzian area which was calculated to be about 500 μm
2. It has been observed that 
the manner in which the particle impacts the surface would influence the size and depth of 
the wear scar [170]. One possible explanation for this is the difference in the impact angle of 
the particle impingement. At oblique impact angles, the particle will tend to scratch the 
surface, while indentation occurs at normal impact angles. This is because at low impact 
angles where the cutting mechanism dominates, elongated wear scars are generated as the 
parallel component of the particle momentum increases as the impact angle decreases [170].  
 
 
Figure 5.18  Impact crater due to a single particle impact (velocity 7 m s
-1,
 sand size 294 μm, 
fluid temperature 40°) 
 
However, Burstein and Sasaki found no such dependence [170]. They postulated that at 
oblique angles, the cutting edge of the particle penetrates deeply into the surface, and hence 
the  observed  size  of  the  scar  tends  to  be  smaller.  The  mean  diameter  of  the  wear  scar 
measured from SEM was observed to be much smaller than the particle diameter, which 
suggests that only a small part of the cutting edge of the particle is in contact with the 
surface.  At  very  shallow  angles,  the  wear  scar  will  be  more  elongated  as  the  particle 
scratches and leaves the surface. The wear scar during particle impingement would very 
much depend on the shape of the particle as for irregular shaped particle only small fraction 




5.4  Conclusions 
 
The  slurry  pot  erosion  tester  has  been  modified  to  perform  in  situ  electrochemical 
investigations. The effect of velocity, sand size and sand concentration and their relationship 
with the rise in current on a passive metal (UNS S31603) during erosion-corrosion have been 
examined. The following conclusions can be drawn: 
 
1.  The increase in velocity causes an increase in current levels for erosion enhanced 
corrosion of between 55 and 80 μA due to the high kinetic energy of the particles. 
The increased current levels are associated with rupture of the passive film, as well 
as deformation of the underlying material surface. Additionally, at high velocities 
there is an increased frequency of particle impact which affects material removal and 
the ability to repassivate. 
 
2.  As the sand concentration was increased from 1 to 5 wt.%, the average noise level 
also increased due to the increased frequency of particles impacting the surface. This 
was related to the frequency of impacts on the metal surface as well as removal of 
the oxide film at a greater rate, and thus limiting repassivation, and contributing to 
enhanced corrosion of the bare metal surface.  
 
3.  The average current noise levels were found to increase with the number of particle 
impacts per second. The increase in velocity however, showed a more pronounced 
increase of current levels compared to sand concentration. This indicates that the 
number of particle impacts is not the only determinant in increased corrosion levels 
but the kinetic energy (velocity) of the impact plays a more important role.  
 
4.  When  examining  the  particle  size  effect  on  corrosion  current  levels,  the  highest 
corrosion currents (68 μA) were observed for the medium sized particles (294 μm), 
followed by coarse particles (665μm) and finally the lowest current levels (58 μA)  
were seen for the fine particles (106 μm). 
 
5.  SEM analysis revealed a combination of ploughing, type I and type II cutting. At 
higher velocities, the depth of cutting was deeper. Flakes and lips also appear to 




6.  Single  particle  impact  experiments  conducted  revealed  that  the  peak  corrosion 
current increased with increasing velocity. A linear trend was seen between the peak 
current,  repassivation  time  and  charge  with  increasing  kinetic  energy.  A  second 
order exponential decay best fitted the repassivation kinetics of the single particle 
impact in the current work. 
 
7.  The mean wear scar area was measured to be about 28 μm
2 with a mean diameter of 
3 μm, which is much smaller than the average diameter (294 μm) of the particle used 
in the experiment. This suggests that only a small part of the cutting edge of the 





























6  Full Factorial Investigation on the Erosion-Corrosion Resistance 
of UNS S31603 
 
6.1  Introduction 
 
In  order  to  understand  the  complete  effect  of  the  parameters  influencing  erosion-
corrosion, the interactions between the test parameters have to be taken into account. This is 
important as the roles of two variables acting simultaneously to produce synergistic effects 
have not been quantified or understood due to a lack of mechanistic understanding. The 
interaction between the parameters and wear rate is complicated by the multiplicity of test 
parameters which influence erosion-corrosion. It is the aim of this chapter to investigate the 
interaction between various parameters influencing erosion-corrosion. The secondary aim of 
this chapter is to investigate the significance of the parameters in accelerating wear. This 
information would provide systematic understanding of the key variables needed to model 
erosion-corrosion. In chapter 4, the effect of velocity, sand concentration, sand size and test 
temperature  have  been  discussed  individually.  This  chapter  is  an  extension  of  the  work 
performed  in  chapter  4  (without  electrochemical  measurements),  where  the  interactions 
between these  parameters will  be  discussed  in  detail,  with  the aid  of  contour maps  and 
statistical methods. Empirical relationships are presented from the test results to describe the 
relationship between the test parameters.  
 
 
6.2  Methodology 
 
In order to study the interactions between the test parameters, a full factorial experimental 
investigation has been carried out. Four variables were investigated namely velocity (V), 
sand  size  (SS),  sand  concentration  (SC)  and  temperature  (T).  All  the  factors  except 
temperature were investigated at three different values.  A 3 × 3 × 3 × 2 factorial matrix as 
shown in Table 6.1 was employed in this work. A total of 54 experiments were conducted to 
include  all  possible  combinations  of  test  parameters.  This  was  designed  to  provide 
quantitative  information  on  the  interactions  between  parameters  within  the  range  of  test 
conditions, as well as qualitative information on the significance of these test parameters.  
Statistical methods and interaction contour plots based on the gravimetric results have also  
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been used to derive empirical relationships between test parameters and erosion-corrosion 
wear. All tests were conducted for 1 hour and post test analysis on the material surface was 
performed using SEM. 
 
Table 6.1  Full Factorial Test Matrix for UNS S31603 
  Sand 
Concentration 
(SC) 




Velocity (V)  m s
-1 













1 wt. % 
0.3 M 
HCl 
Fine  40° C       
60° C       
Medium  40° C       
60° C       
Coarse  40° C       
60° C       
 
 
3 wt. % 
Fine  40° C       
60° C       
Medium  40° C       
60° C       
Coarse  40° C       
60° C       
 
 
5 wt. % 
Fine  40° C       
60° C       
Medium  40° C       
60° C       
Coarse  40° C       
60° C       
 
 
6.3  Results and discussion 
6.3.1  Statistical analysis 
 
All the results obtained from the experimental work were analysed using JMP
® software, 
a  SAS  company  based  statistical  software.  A  multiple  linear  regression  model  in  the 
following form was derived from the experimental results:   
 
y = a1x1 +a2x2+ a3x3 ...    (6.1) 
 
where  a1  a2  a3  are  constants  known  as  regression  coefficients  and  x1,  x2,  x3  are  the 
experimental  variables  known  as  regressor  variables  [175]  .  The  least  square  multiple 
regression  method  takes  the  best  fit  model  by  minimizing  the  sum  of  the  squares  of 
difference from each point to the line [176,177]. This linear regression equation can be used 
to determine which factor has the greatest effect on erosion-corrosion, and the constants a1,  
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a2, a3 can provide useful quantification on the significance of each factor. The effects of 
running the models to high orders did not significantly change the R
2. Therefore, the simple 
first order linear regression model was used to analyse the data and develop an empirical 
relationship. In a linear regression model, each of the variables in the experiment may be 
expressed in the following form: 
 
EC = f (V, SC, SS, T) + e1  (6.2) 
 
  The term e1 is the amount of error or residual from the experimental values deviating from 
the predicted empirical relationship or experimental error. The following relationship was 
obtained from the first order approximation, which represents the gravimetric mass loss data 
from all the 54 experiments conducted: 
 
EC = -25.4 + 3.08V+ 0.304T+ 0.007SS+1.14SC  (6.3) 
 
The significance of the parameters is shown by the Pareto plot in Figure 6.1. The factor 
that  has  the  strongest  influence  on  erosion-corrosion  is  velocity,  followed  by  sand 
concentration,  temperature  and  finally  sand  size  having  the  least  significant  effect.  The 
estimate on the bar chart corresponds to the empirical relationship in Eq. (6.3) while the line 
graph shows the cumulative estimate of the factors.  This is expected as it is well known that 
velocity increases to a power law of between 2.0 and 3.5 for erosion of ductile materials, 
while the other parameters normally exhibit a linear relationship with erosion-corrosion rates 






















Figure 6.1  Pareto plot of estimates detailing significance of each parameter 
 
Figure 6.2 shows the results of the experiments which were plotted against the prediction 
of the empirically derived model. From this equation an R
2 value of 0.88 was obtained which 
indicates reasonable accuracy of the empirical equation to take into account all the variation 
in test results with minimal error. R
2 is the coefficient of multiple determination and gives 
the proportion of variation explained by the regressor x.  [175,178].  It is defined as: 
 
R
2 = σR/σT  (6.4) 
 
where σR and σT are the sum of squares due to the residual and the total sum of squares 
respectively.  The sum of squares is used in the fundamental analysis of variance identity for 
a regression model [175].  R
2 values generally fall between 0 and 1, where a value of 1 
would indicate that the variability in y is completely explained by the regression model. 
Higher R
2 values can be obtained by using a higher level factorial study to take into account 
the proportion of variation at each factorial level. A higher order approximation as well as 
addition of variables will also increase the R
2 value.  It gives an indication of how well the 
statistical predicted data correlates with the experimental data. The blue line in the graph of 
Figure 6.2 indicates the average value for the erosion-corrosion data, while the red lines 
indicate the linear predicted erosion-corrosion rates with upper and lower standard errors at 
5% intervals. A value of 2.97 is obtained for the Root Mean Square Error (RMSE), which 

























Figure 6.2  Experimental values (EC Actual) versus predicted values (EC Predicted) 
derived from the empirical relationship in Eq. (6.3) 
 
Figure  6.3  shows  a  plot  of  the  residuals  from  the  experimental  values  against  the 
predicted  erosion-corrosion  values  derived  from  Eq.  (6.3).  Residuals  are  an  important 
parameter in the determination of model adequacy [175]. There appears to be scatter in the 
data  with no  consistent trend.   This  suggests the  variance in the  original  observation is 
constant for all values of x and the random pattern implies that the model is adequate [178, 
179].  Another method to determine the adequacy of the model is by a plot of residuals 
versus normal quantile. Figure 6.4 shows that the assumptions of the unobserved errors in 
the  model  are  normally  distributed  [179].  The  histogram  plotted  resembles  the  normal 
distribution of the plot. Most of the residuals should fall within the -2 and +2 region and 
should be bell shaped and symmetric about 0. The residuals in Figure 6.4 show a bell shaped 
curve, however it is slightly skewed towards the +2 region. The normal probability plot next 
to the histogram which is basically a plot of residuals versus the normal percentiles should 
show that the points are scattered around a straight line. A deviation from the straight line 
would indicate lack of normality [179].  A straight line fit is observed for the residuals in the 
current work where about 95% of the points fit the curve. This confirms that the residuals are 







Figure 6.3  Plot of Residuals versus predicted values (EC Predicted) derived from the 
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6.3.2   Interaction between parameters 
 
The  study  on  interactions  between  parameters  has  been  conducted  for  pure  erosion 
experiments [180,181]. However, not much work has been carried out for erosion-corrosion. 
Trezona  et  al.  [180]  performed  full  factorial  investigation  on  the  erosion  durability  of 
automotive clearcoats, and found that the factor that had the greatest influence on erosion 
durability was erodent velocity. A power law dependence on velocity with an exponent of 
2.69 was reported. Other factors such as sand size, impact angle and temperature were also 
investigated  in  their  work.  This  section  attempts  to  perform  a  similar  investigation  for 
erosion-corrosion.  Figure 6.5 shows the interaction plot between the 4 parameters studied in 
this work namely velocity, sand concentration, sand size and temperature. It summarises the 
interaction  between  the  minimum  (red  line)  and  maximum  (blue  line)  value  for  each 
parameter. The vertical axis gives the erosion-corrosion experimental values, while the x axis 
gives the variation of test parameters according to factorial design. A total of 12 interactions 
are shown involving the 4 parameters. Each of them shows a 2 factor interaction (6 different 
interactions and an additional 6 interactions in a reverse axis). These interactions can be 
analysed by the slope of the curve and the distance between the maximum and minimum 
values. Parallel lines to each other (min and max values) indicate that the interaction between 
parameters is not significant. From these interaction plots, it can be observed that the largest 
interaction occurs between velocity and sand concentration indicated by the largest gradient. 
At low velocities and sand concentration the interaction is not significant, but increasing 
both the parameters produces a large interaction. This is primarily attributed to the increase 
in kinetic energy and the number of particles within the slurry.  
 
The  second  significant  interaction  is  seen  between  sand  concentration  and  sand  size. 
Here, the trend is a bit mixed exhibiting the complexity of the sand size effect with sand 
concentration. It should be noted that the average shape of the sand is almost similar for all 
sand sizes with a shape factor of between 0.6 and 0.7 as discussed in Chapter 3, section 
3.1.3. At low sand concentrations, an increase in sand size tends to reduce the erosion-
corrosion rates. However, at high sand concentrations of 5 wt.% the interaction becomes 
almost negligible with almost constant erosion-corrosion rates. The sand size is believed to 
affect erosion-corrosion in two ways. Small particles with lower mass tend to produce less 
effective impacts to cause damage on the surface of the passive film. However, if the sand 
size is too large, the particles tend to collide with each other near the surface, reducing its 
kinetic energy or preventing it from impacting the surface. This will be more pronounced at 
high  sand  concentrations,  leading  to  a  negligible  interaction  effect  [25].  The  interaction  
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between temperature and sand concentration produced the third largest effect as seen from 
the  interaction  plot.  This  is  primarily  attributed  to  the  combined  effect  of  erosion  and 
corrosion acting simultaneously. The increase in temperature increases the corrosion reaction 
rates, while the increase  in sand concentration increases the erosion rate and oxide film 
removal rate with increasing number of particles within the slurry. The higher oxide film 
removal  rate  by  erosion  combined  with  increased  corrosion  due  to  higher  temperature 
accelerates material removal. Detailed discussion on the interaction between parameters will 
















































































Figure 6.5  Interaction plot of Erosion-Corrosion (EC) versus Velocity (V), Sand Size (SS), 




6.3.3  Interaction between velocity and temperature 
 
  Figure  6.6  shows  a  contour  plot  of  the  interaction  between  velocity  and 
temperature, along with the resultant erosion-corrosion levels arising from the variation of 
these two parameters. It is observed that the increase in velocity causes higher mass loss 
rates compared to the increase in temperature, as shown by the variation in contour. The 
increase in velocity is related to the pure erosion rate by the following relationship: 
 
Erosion rate  V
n          (6.5) 
 
where V is the fluid velocity and n is the velocity exponent. The range of n normally falls 
within the values of 2.0 to 3.5 [2,6,34]. The value of the velocity exponent n in this work is 
found to be 2.8. This high velocity exponent is believed to be due to the high synergistic 
effect of the corrosive fluid 0.3 M HCl used in this work. A change of velocity from 5 to 7.5 
m s
-1 at 40°C has almost the same effect on erosion-corrosion as an increase in temperature 
from 40°C to 60°C at 5 m s
-1. The highest mass loss rates occur in the region of highest 
temperature  and  highest  velocity.  It  has  been  discussed  earlier  that  the  increase  in 
temperature  increases  the  electrochemical  activity  of  the  material,  as the  corrosion  rates 
double  with  every  10°C  increase  in  temperature  [39].  The  increase  in  temperature  also 
causes a reduction in liquid viscosity which in turn increases the erosion rate [23]. This is 
because as the viscosity decreases, the drag force on each particle also decreases. Hence, 
they tend to hit the target sample with larger kinetic energy. Although a minor influence, this 
factor also contributes to the increase in erosion-corrosion rate with temperature. On the 
other hand, the increase in fluid velocity accelerates the mass transfer rate of the corrosion 
products. The mass transfer rate can be related to the velocity using the modified Koutecky-
Levich model given in Eq. (6.6) [182] 
 
 
  (6.6) 
 
 
where km is the mass transfer coefficient, D is the diffusion coefficient, V is the flow 
velocity,    is the  kinematic  viscosity,  L is  the  characteristic  length  and  a  is the scaling 
constant.  The  mass  transfer  coefficient  km  is  related  to  the  flow  velocity  V
n  where  the 
exponent n varies with the environmental condition. This exponent n can vary from ≤ 1 up to 























process is mass transfer controlled or partial activation controlled [49]. However, it should 
be cautioned that mass transfer effect will vary when different test rigs are used as each rig 
would have different flow fields. The increase in velocity also increases the frequency of 
impact of the particles leading to higher depassivation rates. The passive film and metal are 
continuously damaged and removed by the higher kinetic energy of the particles. This causes 
the corrosion rates to increase because the bare metal surface is continuously exposed. The 
increase  in  temperature  then  causes  the  exposed  metal  surface  to  experience  higher 
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Figure 6.6  Contour plot of interaction between velocity and temperature (units for erosion-
corrosion rate in mg/hr) 
 
6.3.4  Interaction between velocity and sand size 
 
  The interaction between velocity and sand size is depicted in the contour plot in 
Figure 6.7.  The lowest mass loss rates are observed at 5 m s
-1 and sand size of 600 μm, 
while the highest mass loss rates are observed at the highest velocity of 9 m s
-1 and the 




particles exhibit the largest erosion-corrosion region with mass loss rates of more than 18 mg 
hr
-1. At the lowest velocity, the fine and medium sized sand produces the highest erosion-
corrosion rates. As the velocity is increased, the large sized sand shows increasing mass loss 
rates. This effect becomes inhibited at the highest velocity where the medium sized sand 
showed the highest mass loss rates. This complex interaction has to be carefully analysed. 
Lynn et al. [21] and Clark and  Burmeister [31] in their experiments found that measured 
peak erosion rates for 6061-T6 aluminium gave a relationship of : 
 
(Erosion Rate)  (dp
2)  (6.7) 
 
where dp is the particle diameter. However, after taking into account fluid mechanical factors 
such as squeeze film effects, the relationship was found to be: 
 
(Erosion Rate)  (dp)  (6.8) 
 
This is believed to be due to the dissipation of a given amount of kinetic energy during 
particle impact.  It  was  explained that  below  100  μm,  particle  entrapment  at the  surface 
becomes  dominant  and  the  impact  energy  relationship  becomes  less  important.  At  low 
velocities, the higher number of small particles for a given sand concentration impacts the 
surface more frequently compared to the large particles. The competing effect of the high 
material removal of the large sized particles, and the higher number of impacts of the small 
particles, becomes key in analysing the mass loss rates at medium velocities [86]. For large 
particles, the probability of collision between incoming particles and rebounding particles, 
preventing particles from impacting the surface is higher, similar to the effect of increase in 
sand concentration [25]. Small particles on the other hand have lower kinetic energy to cause 
damage to the material surface or oxide film. Therefore, there is an optimal particle size 
(medium size) that causes maximum wear loss. Additionally, collision efficiency and the 
squeeze film effect need to be considered [19, 21].  This has been explained in chapter 4, 
section 4.4.3. The effect of squeeze film is largest for particles with low Reynolds number, 
but plays an important role in retardation irrespective of particle size or velocity [31].  The 
increase in velocity increases the frequency of impact and the amount of energy transferred 
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Figure 6.7  Contour plot of interaction between velocity and sand size (units for erosion-
corrosion rate in mg/hr) 
 
6.3.5  Interaction between velocity and sand concentration 
 
The contour plot depicting the interaction between velocity and sand concentration is shown 
in Figure 6.8. At the point of lowest velocity of 5 m s
-1 and sand concentration of 1 wt.%, the 
erosion-corrosion  rates  are  less  than  7.5  mg  hr
-1.  At  this  velocity,  even  when  the  sand 
concentration is increased, the mass loss rates still remain relatively low. As the velocity is 
increased further, the mass loss rates also increase for all sand concentrations. The highest 
mass loss rates are observed to occur at 9 m s
-1 and 5 wt.%. A transition in interaction is seen 
to occur at velocities after 8 m s
-1. Beyond this point, the increase in sand concentration 
produces  higher  magnitudes  of  erosion-corrosion  rates.  It  is  hypothesized  that  at  low 
velocities, increasing the sand concentration does not severely affect the erosion-corrosion 
rates, indicating that the velocity has a more dominant effect. In this region although the 
number of particles are increased, there is insufficient kinetic energy to cause significant 
wear on the material. As the velocity is increased from 5.5 to 8 m s
-1, the lower concentration 
of sand produces lower erosion-corrosion rates than the higher concentration of sand. Above 
8 m s
-1 sand concentration starts to play a dominant role in the erosion-corrosion process, 
where the high number of particles within the slurry with higher kinetic energy per particle  
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produces more damage on the surface, and can effectively remove the oxide film to cause 
high erosion and corrosion rates.  The mean contact pressures calculated using dynamic 
Hertzian analysis range between 1.53 and 1.96 GPa as the velocity is increased from 5 to 9 m 
s
-1 [160].  Each particle impact is therefore predicted and observed from SEM images to 
cause plastic deformation as the contact pressure exceeds the yield strength of the material, 
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Figure 6.8  Contour plot of interaction between velocity and sand concentration (units for 

















6.3.6  Interaction between sand size and temperature 
 
Figure 6.9 shows the interaction between temperature and sand size. As can be seen, the 
general trend is that as the temperature is increased, the mass loss rates increase.  However, 
the mass loss rates decrease with increasing sand size. Two gradients are observed in the 
contours where the slopes of the contour lines are lower for 300 to 600 μm compared to 100 
to 300 μm. This indicates that the effect of temperature is more significant at fine to medium 
sand  sizes  whereas  beyond  300  μm,  the  effect  of  sand  size  becomes  more  dominant.  
Individually smaller particles have less kinetic energy, thus do less damage to the material. 
For larger particles, the mechanical erosion process is more dominant and it outweighs the 
temperature effect of the corrosion process, hence a less steep gradient is seen. The greater 
number of particles for the fine sand at a given sand concentration compared to the coarse 
sand, increases the oxide removal rates, hence accelerates corrosion. This corrosion process 
is then further accelerated at high temperatures. This is the reason why the highest erosion-
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Figure 6.9  Contour plot of interaction between temperature and sand size (units for 




6.3.7  Interaction between sand concentration and temperature 
  The interaction of sand concentration and temperature is shown by the contour plot in 
Figure 6.10. The relationship appears to be fairly direct where the lowest erosion-corrosion 
rates are observed at low temperatures and low sand concentrations. The trend continues and 
the  highest  mass  loss  rates  are  observed  at  the  highest  temperature  of  60  °C  and  sand 
concentration of 5 wt.%. The magnitude of increase in erosion-corrosion and interaction 
remains fairly constant throughout the entire experimental range, where both mechanical and 
electrochemical reaction synergies are equally dominant. The increase in number of particle 
impacts  increases  the  depassivation  rate  of  UNS  S31603.  This  would  hinder  the 
repassivation of oxide film on the metal, which would in turn accelerate corrosion. The 
effect of temperature then increases the mass transfer of oxygen and Fe
2+ to and from the 
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Figure 6.10 Contour plot of interaction between temperature and sand concentration (units 















6.3.8  Interaction between sand concentration and sand size 
 
  Figure 6.11 shows the contour plot of the interaction between sand size and sand 
concentration. This interaction is seen to be the most complex observed. The highest mass 
loss rates are observed for the highest sand concentration within the range of fine to medium 
sized sand, while the lowest mass loss rates are observed for the largest sand sizes with 
lowest sand concentration. The interaction also generates high mass loss rates at low sand 
concentrations and small sand sizes. However, this might not be a true effect and possibly a 
random error during the experiment as it does not follow the contour trend. There are no 
clear trends that can be derived from the interaction mainly due to the nature and complexity 
of the particle size effect. Turenne et al. [25] who studied the effect of sand concentration on 
pure erosion behaviour of aluminium at a constant velocity of 17 m s
-1,
 observed that the 
erosion rate decreased according to a power law of the sand concentration in the slurry. They 
attributed this to the rebounding particles which protect the surface from incident particles. 
They  found  that  the  erosion  efficiency  defined  as  the  ratio  of  wear  value  to  sand 
concentration  decreases  as  the  sand  concentration  increases.  Above  a  certain  sand 
concentration, the erosion efficiency becomes constant. At this constant erosion efficiency 
rate,  the  gain  in  erosion  which  is  caused  by  the  increase  in  number  of  particles  is 
compensated  by  a  gain  in  the  protection  effect.  For  low  sand  concentrations,  the  small 
number of particles leads to a low density cloud reducing the “screening” effect. This work 
extends Turenne et al.’s [25] theory further by including the particle size effect to explain the 
lower erosion rates for large particles at high sand concentrations, compared to medium 
sized particles at the same concentration. The screening effect is believed to be not only a 
function of sand concentration but also sand size, and this needs to be taken into account. 
This  is  because  larger  rebounding  particles  have  higher  probability  of  collision  with 
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Figure 6.11 Contour plot of interaction between sand concentration and sand size (units for 
erosion-corrosion rate in mg/hr) 
 
6.3.9  SEM investigation of surface features 
 
  SEM investigations were carried out on the test samples after erosion-corrosion 
experiments in order to fully understand the effect of variation of the test parameters. Figure 
6.12 (a) to (f) shows the surface features of the test specimen at different sand concentrations 
at a velocity of 7 m s 
-1 and sand size of 294 μm. The images were taken in the middle of the 
specimen (35 mm from the top of specimen) at a 30° angle to the middle of the eroded area 
from the direction of flow, as shown in Figure 6.13. The test specimen subjected to the 
highest sand concentration of 5 wt.% shows the most severely roughened surface with the 
highest density of impact craters and lips formed on the surface, as evident in Figure 6.12(e) 
and (f). This is followed by the test specimen subjected to 3 wt.% sand concentration shown 
in  Figure  6.12(c)  and  (d).  The lowest  number  of impact  craters and lips formed  on  the 
surface is seen for the specimen subjected to 1 wt.% sand concentration as observed from 












   
   
   
 
Figure 6.12 SEM on the effect of variation of sand concentration on erosion-corrosion of  
UNS S31603 at different magnifications for tests at 7 ms 
-1, sand size 294 μm, 
temperature 40°C  (a) and (b) 1 wt.% (c) and (d) 3 wt.% (e) and (f) 5 wt.%,  
 
(a)  (b) 
(f)  (e) 



















Figure 6.13  Schematic of the cylindrical test specimen where SEM images were taken 
35mm from the top of the specimen at a 30° angle from the middle of the 
eroded area facing the direction of flow 
 
  Slurries with lower concentrations of sand have higher mobility of erodents. This is 
the ability of a particle to move within the slurry without interference from other particles 
and experience less inter-particle collisions. Hence, the erodent tends to impact more directly 
as there is less particle to particle interaction [184]. At higher concentrations, the erodent has 
less mobility and low angle impacts become more frequent, which can be more detrimental 
to ductile material. This feature is also observed in the specimens studied in Figure 6.12, 
where the  specimens  subjected to  higher sand  concentration  exhibit  more  grooving  type 
mechanisms. The layers of particle building up at high concentrations on the surface will 
also prevent direct particle impact, but allow material removal by particle abrasion as the 
layer and trapped particles move relative to the material surface [34].  
  Figure 6.14 shows the effect of sand size at 7 m s 
-1 and sand concentration of 3 
wt.%. Changes in sand size do not appear to affect the number of indentations, craters or lips 
on the surface. Figure 6.14 (a) and (b) show that the fine sand particles produce very shallow 
craters and the length and height of the lip extrusion is not as pronounced as the medium 
sized sand shown in Figure 6.14 (c) and (d). For the coarse sand shown in Figure 6.14 (e) 
and (f) it can be seen that the impact craters are deeper and the lips appear to be extruded 
more prominently. This deep cutting and extrusion of lips are the main material removal 




For fine sand, it appears that the individual particles do not have sufficient kinetic energy 
to penetrate deep into the metal surface compared to coarse sand. Levy [6] has argued that 
the degree of erosivity of a particle is a combination of velocity and particle size (kinetic 
energy)  as  well  as  the  extent  to  which  the  liquid  viscosity  protects  the  erodent  from 
impacting the surface. Liquid viscosity plays a role in this case, as it is believed that particle 
fragmentation  during  erosion  would  increase  the  liquid  velocity  and  as  a  consequence 
increase particle drag. Particle size also has to be significantly large to overcome the effect 
of the squeeze film [31]. The flow condition dominates the influence of erosion-corrosion 
and particle size by preventing small particles from impacting the surface, and for those 
particles which do impact the surfaces, their impact velocity is retarded [34].   
Clark and Hartwich [22] reported that in a slurry pot erosion tester, for particle sizes 
below 100 μm there was a transition from direct particle impact to wet abrasion as the 
particles become trapped in the viscous sub-layer. Small particles with less kinetic energy 
will be retained close to the specimen either because they fail to penetrate the squeeze film 
or rebound on approach. These particles concentrate on the surface and form a sliding bed. 
This changes the mechanism of material removal in erosion from impact to abrasion.  This 
liquid layer will always decrease the particle impact velocity and increase particle impact 
angle for low velocities [34]. Acknowledging this fact, the results from the experiments have 
shown that the effect of particle size is more complex, as it involves competing effects of 
particle screening on the surface, liquid viscosity reducing erosivity, higher kinetic energy of 










   
   
   
 
Figure 6.14 SEM on the effect of variation of sand size on erosion-corrosion of UNS 
S31603 at different magnifications for tests at 7 m s 
-1, sand concentration 3 
wt.%, temperature 40°C (a) and (b) 106 μm (c) and (d) 294 μm (e) and (f) 665 
μm 
 
(a)  (b) 
(c)  (d) 
(e)  (f)  
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6.4  Conclusions 
 
In this work, the interaction between various parameters influencing erosion-corrosion of 
UNS S31603 in 0.3 M HCl has been examined. A combination of statistical analysis and 
interaction  contour  plots  has  been  employed  to  obtain  an  in-depth  understanding  of  the 
variables influencing erosion-corrosion, namely velocity, sand size, sand concentration and 
fluid temperature. The following conclusions can be drawn from this work: 
 
1.   Based on all the data from the full factorial experiments, a multiple linear regression 
model has been used to derive an empirical relationship between velocity (V), sand 
size (SS), sand concentration (SC) and temperature (T) in the following form: 
 
EC = -25.4 + 3.08V+ 0.304T+ 0.007SS+1.14SC 
   
An  R
2  value  of  0.88  was  obtained  which  indicates  reasonable  accuracy  of  the 
empirical equation to take into account all the variation of parameters with minimal 
error. A plot of residuals versus predicted erosion-corrosion shows that the residuals 
are normally distributed, indicating that the model is adequate in taking into account 
all the parameters. 
 
2.  An interaction plot between velocity, sand concentration, sand size and temperature 
showed that the largest interaction occurs between velocity and sand concentration. 
At  low  velocities  and  sand  concentration  the  interaction  is  not  pronounced,  but 
increasing both parameters causes a large interaction which is primarily attributed to 
the increase in total kinetic energy. The interaction between sand concentration and 
sand  size  as  well  as  between  temperature  and  sand  concentration  also  produced 
significant effects.  
 
3.  The increase in temperature and velocity increases the erosion-corrosion rate. This is 
attributed to the fact that the passive film and metal are continuously being damaged 
and removed by the higher kinetic energy of the particles. This causes the corrosion 
rates to increase because the bare metal surface is exposed with no protective layer. 
The increase in temperature then causes the exposed bare metal surface to experience 




4.  The interaction between velocity and sand size is slightly more complex where the 
lowest mass loss rates are observed at 5 m s
-1 and sand size of 600 μm, while the 
highest mass loss rates are observed at the highest velocity of 9 m s
-1 and the region 
between 100 and 400 μm. The competing effects of high material removal of the 
large  sized  particles  and  the  higher  number  of  impacts of the small  particles  are 
important considerations in analysing the mass loss rates.  
 
5.  Increase  in  velocity  increases  the  mass  loss  rates  at  all  sand  concentrations.  The 
highest mass loss rates are observed to occur at 9 ms 
-1 and 5 wt.%. This is related to 
the high number of particles within the slurry with higher kinetic energy per particle, 
which produces more damage on the surface. High oxide film removal rates lead to 
increased corrosion rates. 
 
6.  The increase in sand size at low temperatures produces low mass loss rates, and as the 
temperature is increased this effect becomes more pronounced. The highest erosion-
corrosion rates are observed at a temperature of 60°C between fine and medium sand 
sizes. Small particles have less kinetic energy per particle reducing damage to the 
material. However, they accelerate corrosion by high oxide film removal rates, which 
is  then  further  influenced  by  temperature.  For  larger  particles,  the  dominant 
mechanical  erosion  process  outweighs  the  temperature  effect  of  the  corrosion 
process.  
 
7.   The interaction between sand concentration and temperature shows that the lowest 
erosion-corrosion  rates  are  observed  at  low  temperatures  and  low  sand 
concentrations. The trend continues and the highest mass loss rates are observed at 
the highest temperature of 60 °C and sand concentration of 5 wt.%. The increase in 
number of particles increases the number of particle impacts and hence increases the 
depassivation rate of UNS S31603. This would hinder the repassivation of oxide film 
on  the  metal  and  when  the  temperature  is  increased,  the  corrosion  rates  will  be 
accelerated. 
 
8.  The interaction between sand concentration and sand size is seen to have the most 
complex  interaction  amongst  all  the  parameters.  The  highest  mass  loss  rates  are 
observed for the highest sand concentrations within the range of fine to medium sized 
sand, while the lowest mass loss rates are observed for the largest sand size with the 
lowest sand concentrations. The lower erosion rates for large particles at high sand  
156 
 
concentrations compared to medium sized particles at the same concentration are 
believed to be due to the larger rebounding particles having higher probability of 
collision with incoming particles than the same concentration of smaller particles. 
 
9.  SEM surface features show that the increase in sand concentration causes the surface 
to be covered with a high density of impact craters and lips which are caused by the 
higher number of particles impacting the surface. The higher mobility of particles at 
low sand concentrations appears to promote normal impact and indent the specimen, 
while the lower mobility of particles at high sand concentrations appears to promote 
cutting of the surface at acute angles, which is more detrimental to ductile material. 
 
10. An increase in sand size produces deeper craters and more prominent lips compared to 
fine particles. However, competing effects between particle screening on the surface, 
liquid squeeze film effect reducing erosivity, higher kinetic energy of larger particles 
and higher number of small particles for a given sand concentration have to be taken 























7  A Study on the Evolution of Surface and Subsurface Deformation 
of UNS S31603 during Erosion-Corrosion 
 
7.1  Introduction 
 
 The aim of the work carried out in this chapter is to perform a systematic study on the 
evolution  of  erosion-corrosion  wear  of  UNS  S31603  with  time  and  to  investigate  the 
corresponding  surface  and  subsurface  deformation  mechanisms.  Multiple  tests  were 
performed at increasing time duration from 30 seconds to 2 hours using a slurry pot erosion 
tester  with  3.5%  NaCl  and  1  wt.%    silica  sand.  For  the  incremental  particle  impact 
experiments a small quantity of particles were used to reduce the number of impacts on the 
sample surface. All tests were conducted at a velocity of 7 m s
-1 with an average sand size of 
294 μm and at a fluid temperature of 40°C. The worn samples were then analysed using 
SEM, FIB and TEM to develop a mechanistic understanding of the tribocorrosion process. 
FIB  analysis  was  performed  on  the  worn  surfaces  from  experiments  at  increasing  time 
duration, to study the grain structure. Finally, FIB and TEM are used to study cross sections 
of particle impact craters in order to determine the role and the material response of UNS 
S31603 to erosion-corrosion.  
 
7.2  Investigation  on  the  surface  wear  evolution  during  erosion-corrosion  of  UNS 
S31603 
7.2.1  Incremental particle impact 
 
The  evolution  of  surface deformation  was studied by  conducting  incremental  particle 
impact  experiments.  Only  a small  area  of the  sample  was exposed to  erosion-corrosion, 
while the rest of the sample was wrapped in polyester tape. This allows impact to occur only 
in the exposed area. The tests were stopped after a very short duration similar to the single 
particle impact experiments discussed in Chapter 5. A small quantity of particles was used to 
reduce the number of impacts on the sample surface. All imaging and specimen analysis 
were performed at a 30° angle from the stagnation point on the specimen surface. This is 
shown schematically in Figure 7.1.  Figure 7.2 (a) - (f) shows the SEM micrographs of a 
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Figure 7.1  Schematic of  the point on the sample where  analysis and imaging was 
performed 
 
Figure 7.2 (a) shows a typical impact crater where the erodent has impacted the surface 
while partially removing the extruded material, leaving behind a small lip attached to the 
crater. This is typical of the Type II cutting mechanism described by Hutchings [1] where the 
particle indents the surface and rolls backwards allowing the sharp particle to cut away the 
chipped material. The small portion of the attached lip can easily be removed by subsequent 
impacts.  Fragments  of  removed  material  are  also  seen  on  the  surface.  Most  of  these 
fragments will only be at the impact site temporarily before being carried away by the fluid 
stream. However, some of them may remain at the site and are removed after subsequent 
impacts. These fragments are evidence of the mass loss mechanism that arises during solid 
particle  erosion.    Figure  7.2  (b)  shows  another  particle  impact  crater  with  an  unevenly 
deformed crater. In this image, it is observed that as the particle grazes the surface, it pushes 
the material to the exit end, leaving a volume of piled up material. The shallow depth of the 
crater indicates that the particle indenting the region is more rounded, as an angular particle 
would have cut deeper into the surface creating a more prominent lip [1]. The piled up 
material  is  heavily  strained  and  is  susceptible  to  ductile  fracture  upon  further  impacts. 
Theoretically, the volume of the piled up material should be equivalent to the volume of 
crater. However, this is not always the case as during impact, some of the material would 





   
   
   
Figure 7.2  Impact craters due to (a) single particle impact when lip is still attached (b) 
single particle impact when lip is removed (c) dual particle impact when lip is 
removed (d) dual particle impact adjacent to each other (e) 4 particle impacts 
around the same site (f) multiple particle impacts around the same site  
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Figure 7.2 (c) shows two different impact craters next to each other which could be 
either one of three scenarios. The first possibility is that two particles of different sizes 
impact next to each other. In the second scenario, when the particle impacts the surface, a 
small fragment of the particle breaks off and cuts the adjacent site. The third more likely 
possibility is that an irregular shaped angular particle with two prominent edge/tip, cuts at 
two different sites during the same impact. A typical impact site where two particles have 
impacted within the same area is shown in Figure 7.2 (d). In this image, a clear boundary is 
seen between the impact sites. The lines in the crater clearly show the direction of impact. 
Particle  impact  on  a  fresh  surface  produces  the  most  effective  material  removal  as  the 
erodent has a large contact area during impact. Shewmon and Sundararajan [185] however, 
argued that the primary mode of metal loss would be caused by the formation of large chips 
created by flow localisation in the boundary of two overlapping impact craters. This might 
be true if the depths of the craters are significant especially at very high kinetic energies. 
However, in the test conditions used in this work, this is not the case. 
Figure 7.2 (e) shows 4 impact craters surrounding each other. This image reveals the 
same  mechanisms  of  lip  formation,  piling  up  and  removal  of  fragmented  material. 
Comparing this image with Figure 7.2 (f) for the multiple impacts that overlap, it is observed 
that in the latter, the amount of fragmented material and subsequent pile ups are significantly 
lower. This can be explained by the fact that the large number of impacts has removed the 
prominent lips and piled up material. The remaining piled up material seem to have been 
severely flattened, indicating that there have been higher number of impacts compared to the 
number of craters that appear on the image. The overlapping impacts also make it difficult to 
correlate the number of impacts on the material to the volume of material removed. This 
observation has also been made by Levy [5] who argued that the overlapping impact causes 
the formation of smaller craters and platelets on the surface, which are harder to remove 
from the surface. It is the larger platelets that cause peak mass loss which are formed during 
the initial stages of erosion on the undeformed surface.  
These mechanisms described above are illustrated in Figure 7.3 (a)-(c). Figure 7.3(a) 
shows the formation of a lip in a cutting type I mechanism as described by Hutchings [1]. 
Once this occurs, the next impact can occur on a fresh surface as shown in Figure 7.3(b). 
This will be followed by lip removal with subsequent impacts. If the particle impacts the 
same crater, then a less effective material removal occurs where the particle just cuts deeper 
into the surface, producing smaller lips and smaller craters surrounding the initial impact 
crater, as shown in Figure 7.3(c). This section here details only the erosion sequence, since at 






















Figure 7.3  Model for incremental particle impacts (a) formation of lip (b) subsequent 
impact removing lip on a fresh surface (c) subsequent impact on the same 
impact crater [1] 
 
 
7.2.2  Evolution of surface deformation with increasing time duration 
Experiments  were  performed  at  increasing  time  duration  from  0.5  minute  to  20 
minutes to understand the surface wear evolution. The sample surfaces were imaged using 
SEM and are shown in Figure 7.4 (a)-(j).  Figure 7.4 (a) shows a polished control sample. 
Most of the impacts occur along the flow direction indicated by the arrows, although there 
are some exception in which the particle tends to deviate from the direction of flow, due to 
particle-particle interference [25], turbulence in the slurry pot erosion tester and the effect of 
the baffles on particle trajectory. Figure 7.4 (b) - (j) shows the distribution and density of the 






increases with increasing time from 0.5 minute to 20 minutes. Between 0.5 minute and 10 
minutes, the particles seem to erode fresh surfaces of the sample.  This increases the number 
of lips and craters generating an increased surface roughness on the material.  At about 10 
minutes, the surface becomes completely saturated with lips and craters and beyond this 
period, a second layer of lips and craters starts overlapping the initial layer.  It should be 
cautioned however, that the density of impact craters would also depend on other parameters 
such as impact velocity, sand size and sand concentration as shown in previous chapters.  
On  the  surface,  the  formation  of  multiple  layers  of  lips  would  mean  that  the 
possibility of lip removal per impact might increase. At the same time, the efficiency of 
particle impact might also be retarded due to the rough uneven surface, which reduces the 
effectiveness of particle rebounding and rotation by absorbing the particle impact energy. 
The formation of multiple layers might also be beneficial from a material loss point of view, 
as it starts to behave as an energy absorber to prevent subsurface deformation. It is here that 
the critical strain to failure and ductile fracture start to play an important role towards the 
detachment  of  lips  [1,11,185].  In  this  case,  the  applicability  of  cutting  and  ploughing 
mechanisms become more constrained as the surface is no longer uniform.  The increase in 
number of impacts on the material with increasing time duration would also lead to work 
hardening on the material. This will be discussed in more detail in Section 7.4.2. 
The formation of layered lips and craters directly affects the corrosion process in a 
number of ways. UNS S31603 forms a thin oxide layer on the surface which reduces the 
corrosion rate when exposed to the environment [39]. When a solid particle impacts the 
surface, the passive film is broken, increasing the corrosion activity and mass transfer across 
the  surface  [65,66].  Micro-galvanic  cells  are  also  formed  at  different  scales.  In  a 
macroscopic level, the galvanic cell is formed between the eroded and uneroded surface, 
while in a microscopic level, coupling effects are seen between each impact zone and the 
repaired passive film [107]. This is illustrated in Figure 7.5.  The mass transfer coefficient 
also increases due to roughening of the surface, leading to an increased electrochemical 
activity allowing localised corrosion to take place [67]. It is however, uncertain how the 
adherence of the passive film would be affected by the increasing number of layers of lips, 
craters, and particle fragments. This is because it is believed that the generation of these 
eroded features and debris would prevent formation of a continuous film, which may affect 
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Figure 7.4  Evolution of surface wear during erosion-corrosion (a) polished sample (b) 0.5 
minute  (c) and (d) 1 minute   (e) and  (f) 5 minutes  (g) and (h) 10 minutes (i) 









Figure 7.5  Model for rupture of oxide film with particle impact 
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7.3   FIB Investigation on the  erosion-corrosion evolution  at the subsurface of UNS    
S31603 
 
  In  section  7.2,  the  evolution  of  surface  deformation  during  erosion-corrosion  was 
analysed using SEM. In this section, the Focused Ion Beam (FIB) technique will be used to 
analyse the subsurface wear features that arises due to erosion-corrosion. Figure 7.6 (a) and 
(b) shows a cross section of an uneroded polished sample, which is the condition of the 
sample before experiments were conducted. All the samples were ground using SiC paper up 
to 4000 grit to obtain an average final surface roughness of 0.08 ±0.02 μm. As can be seen 
from  the  image,  no  features  such  as  deformed  regions  or  cracks  are  observed  on  the 
subsurface cross section, which extends to about 6 μm deep. This is to confirm that the 
uneroded sample does not have any abnormal features. Another advantage of using FIB is 
the ion channelling contrast capability which allows the grain boundaries to be imaged. This 
technique is used for the uneroded polished sample.  Figure 7.6 (c) and (d) shows the images 
obtained  for  this  sample at  two  different  contrast  levels.  The  surface  topography  of  the 
sample can be viewed from Figure 7.6  (c) along with grain boundaries, while increasing the 
contrast  in  Figure  7.6  (d)  allows  the  grain  boundaries  to  be  defined  more  clearly.  Two 
regions of grains with different sizes are observed. The first region is a thin nanocrystalline 
layer measuring 200 nm in thickness, and the second region is the bulk undeformed grains 
which extend deep into the cross section. The nature of of these bulk  grains which appear to 
be  symmetrical  and  parallel  to  each  other  indicate  that  these  are  twins.    The  thin 
nanocrystalline layer is a result of the polishing process which is essentially grinding the 
material and at the same time refining the top layer of the grains.  
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Figure 7.6  FIB ion channelling contrast of a cross section of a polished sample (a) location 
of the cross section (b) higher magnification of the cross section  (c) FIB cross 
section  of  a  polished  sample  with  ion  channelling  contrast,  low  contrast 
revealing the surface topography (d) high contrast to reveal the grain boundaries  
 
Figure 7.7 (a) and (b) shows the cross section of a sample subjected to a single 
particle impact. The crater of the particle impact is shown in Figure 7.7 (a), while Figure 7.7 
(b) shows an enhanced contrast of the grain boundaries and twins. Comparing this image 
with Figure 7.6 (c), a clear distinction can be seen in the bulk grain boundaries, where the 
grains appear to have been already deformed into smaller sub-grains. These grains appear to 
be very symmetrical in nature and believed to be twins. Also the nanocrystalline region in 
the immediate vicinity of the impact crater appears to have been deformed slightly to the 
shape  of  the  impact  crater.  There  is  also  a  slight  increase  in  the  thickness  of  the 
nanocrystalline layer in a small sub-section of the crater to about 250 nm. The formation of 
twins is however not surprising, as the strain rate of particles impacting the specimen has 
been  calculated  to  be  about  5.4  x10
4  s
-1  from  Eq.  2.11  [37].  At  these  high  strain  rates, 
localisation of plastic flow may occur beneath the impact site depending on whether the 
critical velocity and particle size to generate plasticity have been exceeded [37].  
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Figure 7.7  FIB ion channelling contrast of a cross section of a single impact crater (a) low 
contrast revealing surface topography (b) high contrast to reveal the grain 
boundaries 
 
  Further experiments were conducted to investigate this mechanism in detail, by studying 
the subsurface structure of UNS S31603 after erosion-corrosion at increasing time durations 
between 0.5 minute to 20 minutes. The FIB cross sections of these samples are shown in 
Figure 7.8 (a)-(e).  There are three distinct layers of grain size distribution that can be seen 
from these images. The first layer is a thin nanocrystalline layer, similar to the ones seen in 
Figure  7.6  and  Figure  7.7.  It  was  observed  that  the  depth  of  the  nanocrystalline  layer 
increased between 300 nm and 700 nm as the experimental duration increased from 0.5 
minute to 10 minutes. Between 10 and 20 minutes, the thickness of this layer does not 
change significantly. The second layer is a region of micro-grains which starts to develop in 
the subsurface between 1 and 5 minutes into the experiment, as evident from Figure 7.8 (c). 
It was also observed from Figure 7.8 (c) that besides the formation of the first two layers, 
there is also a further reduction in the size of the bulk grains in the subsurface.  Figure 7.9 
shows  an  etched  cross  section  of  a  sample  that  has  undergone  erosion-corrosion  for  20 
minutes,  to  show  the  size  of  the  original  grains  and  the  extent  of  deformation  on  the 
subsurface.   The depth of the deformed layer is approximately 6 μm based on the smaller 
grain size in this region compared to the bulk sample. The average size of the bulk grains are 
in the range of 10 to 30 μm. 
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Figure 7.8  FIB ion channelling contrast image showing the evolution of subsurface 
damage for erosion-corrosion tests after (a) 0.5 minute (b) 1 minute (c) 5 
minutes  (d) 10 minutes (e) 20 minutes  
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Figure 7.9  Optical image of an etched cross section of a sample that has undergone 
erosion-corrosion for 20 minutes 
 
  The subsurface deformation can be correlated with the surface evolution of wear studied 
in the earlier sections, where at some point between 10 and 20 minutes, overlapping layers of 
lips and craters begin to develop. It is believed that the depth of the nanocrystalline region 
increases with direct particle impact on the fresh uneroded surface between 0.5 minute to 10 
minutes of erosion-corrosion. Once a second layer of lips begins to form, the bulk grains 
begin  to  reduce  in  size  indicating  that  without  direct  contact  on the  surface,  the  energy 
imparted during particle impact is absorbed by the material as a whole, causing deformation 
of  the  bulk  grains.  As  the  top  surface  layer  becomes  work  hardenened  also,  load  is 
transmitted to the bulk grains. Initially this load transmission leads to the formation of micro-
grains  and  after  a  certain  threshold  period,  deformation  of  bulk  grains  will  occur.  This 
phenomenon is summarised in a simplified model shown in Figure 7.10 (a)-(c). 
  The formation of nano-crystalline layers was also observed by Okolo et al. [139] and 
Umemoto et al. [186] in shot peening experiments. They attributed this to grain refinement 
due to severe plastic deformation. The amount of strain was found to be the highest at the top 
of the surface and decreased with increasing depth to the subsurface [186].  It was believed 
that large strains seem to be the most important factor to produce a nanocrystalline structure, 
which is consistent with the current work where large strains are imparted during particle 
impact.  From  a  corrosion  aspect,  the  formation  of  this  nanocrystalline  layer  may  be 
beneficial to lower corrosion rates, as the anodic dissolution is hindered in a nanocrystalline  
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structure  [187]  due  to  the  compact  grain  structure.  There  is  also  a  lower  tendency  for 
localised  grain  boundary  corrosion  in  nanocrystalline  materials  [187].  However,  more 




1.  Particle impact on the fresh uneroded surface 






2.  If the particle impacts the same crater twice, 
the particle impact is less efficient 
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3.  As the top surface layer becomes work 
hardenened also, load is transmitted to the 
bulk grains. Initially this load transmission 
leads to the formation of micro-grains and 
after a certain threshold period, deformation 
of bulk grains will occur. 
 
 
Figure 7.10 Model for deformation of grain boundaries (a) single particle impact (b) 
repeated impact on the same crater (c) multiple particle impact  
171 
 
7.4   TEM Investigation on the erosion-corrosion evolution at the subsurface of UNS 
S31603 
7.4.1   UNS S31603 subjected to single particle impact 
 
  An in–depth investigation has been performed to further enhance the understanding of 
the material response to a single particle impact and its influence on the  erosion-corrosion 
process. The SEM image of the surface area of the particle impact crater is shown in Figure 
7.11 and the cross section from a single particle impact crater where the TEM lamella was 
prepared is shown in Figure 7.12.  Figure 7.13 shows the dark-field STEM image of the 
TEM  lamella  that  has  been  removed  to  elucidate  the  micro-structural  characteristics 
surrounding the particle impact crater. From this image, it can be seen that the impacted 
region is indented slightly, with the depth of indentation measuring about 1 μm and a width 
of approximately 5 μm.   
 
 








Figure 7.12 Location where the TEM lamella of a single particle impact crater was prepared  
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  Figure 7.14 shows a higher magnification view of the impact crater. A change in the 
microstructure beneath the impact crater is observed in this image. Frost and Ashby [188] 
have explained that at very high strain rates, the material is deformed so fast that the heat 
generated  by  deformation  is  unable  to  diffuse,  leading  to  localisation  of  slip  known  as 
adiabatic shear. In adiabatic shear, the loss of strength due to heating exceeds the gain of 
strength due to the combined effect of strain hardening and strain rate hardening [188]. 
Hutchings and Levy [189] studied the thermal effects in the erosion of ductile metals and 
found that there would be a regime  which is dependent on particle impact velocity and 
particle size that would cause adiabatic deformation. In their work, they postulated that the 
plastic work that arises due to particle impact may be largely dissipated into heat and the 
temperature rise would be a function of the amount of energy dissipated per unit volume of 
metal. However based on their calculation, it was concluded that adiabatic impact will only 
occur at extremely high velocities or large particle sizes beyond the test conditions used in 
this work. Therefore in this case, it is highly unlikely that shear bands formed beneath the 
impact craters are adiabatic. They are most likely just deformed grains and not transformed 
bands or adiabatic shear bands [190].  
 
 
Figure 7.14 Dark-field STEM image of the impact crater and the surrounding area 
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  Figure 7.15 shows a high resolution bright-field TEM image of the single particle 
impact crater. It reveals the difference in microstructure between the particle impact region 
and the undeformed region. It is clear that the grain boundaries are deformed to follow the 
shape of the impact crater. The high strain rate due to the particle impact causes severe 
plastic  deformation  beneath  the  impact  site.  This  causes  slip  which  changes  the  grain 
orientation in the immediate vicinity of the impacted region [91]. Dislocation motion occurs 
along the most favourable slip plane orientation in the direction of particle impact [91].   
  The grains also appear to be slightly elongated towards the impact direction. These 
elongated grains are caused by the shear stress which is dominant towards the direction of 
impact. The formation of twins next to a heavily deformed region has also been observed by 
Xue et al. [191]. It should be cautioned that twinning can also occur in the material during 
polishing. However, due to the proximity of the twins it is believed that this formation is due 
to particle impact.  
  Lee and Lin found that the increase in strain rate increases the dislocation density and  
produces small cells with tangled dislocation on 304L stainless steel [192]. This reduces 
dislocation  mobility,  hence  increases  the  amount  of  strain  hardening.  The  competition 
between  strain  hardening  and  the  thermal  softening  due  to  the  localised  increase  in 
temperature, then becomes critical in analysing the complete effect of the material behaviour 
under solid particle impact. It is also this reason, that researchers find it difficult to correlate 
conventional material properties such as hardness to rank erosion resistance of the material, 
as the behaviour at high strain rates will be completely different [37]. This can also be 
looked at from a corrosion perspective, where the localised increase in temperature due to 
solid particle impact may cause higher corrosion at tiny micro-galvanic sites (impact craters). 
This contributes to the synergistic effect, as generally corrosion reaction rate doubles with 





Figure 7.15 TEM bright-field image showing the top surface of the impact crater  
 
7.4.2  UNS S31603 subjected to erosion-corrosion for 5 minutes 
 
  Figure 7.16 shows the microstructure of the sample subjected to erosion-corrosion for 
5 minutes. This image clearly reveals a very fine grained layer which extends 300 nm deep 
from the top surface. Beneath this layer, the microstructure appears to have been sheared. A 
distinct change in grain orientation is observed below the deformed grain boundary. The fine 
grained  nanocrystalline  region  which  is  formed  due  to  the  grain  refinement  by  particle 
impact has been observed to have higher hardness than the bulk grains [193].  
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Deformed grains 




Figure 7.16 STEM combined  bright + dark-field image showing the formation of deformed 
grains 
 
  Figure 7.17 and Figure 7.18 show a section of the sample which has been thinned 
further and reveals twinning in the material. The dark area in the figure corresponds to 
thicker areas of the sample where the mass-thickness contrast arises [145].  The number of 
twins has now increased across a larger area of the subsurface, owing to the increase in 
number of particles impacting the surface, hence increase in the repetitive stress and strain 
imparted on the material. Xue et al.  [191] proposed a detail mechanism in which grain 
refinement occurs via twinning in UNS S31603.  In their high strain rate experiment using a 
split Hopkinson pressure bar extensive deformation twins were observed in the material. It 
was proposed that during continuous shear deformation, the orientation of cells and grains 
changes  leading  to  formation  of  twin  planes  towards  the  shear  direction.  This  activates 
secondary twins which is also aligned along the shear direction. Once the secondary twins 
are fully aligned, grain rotation stops and further deformation leads to multiple twinning. 
This occurs primarily in material with low stacking fault energy such face centred cubic 
stainless steels which have undergone shear deformation at high strain rates [191]. These two 
criteria are met in this work where UNS S31603  a fcc metal with high shear deformation  
subjected to particle impact are highly susceptible to this phenomenon.  
 




Figure 7.17 STEM  combined bright + dark-field image showing twins on the sample  
 
Figure 7.18   Higher magnification  of the STEM combined bright + dark-field image 







  Figure 7.19 shows the formation of nano-crystalline grains on the top surface of the 
material measuring less than 100 nm. The load at high speeds imparted by the particles, 
causes rapid deformation and refinement of the grains as has been observed for ultrasonic 
shot peening [194]. The repetitive action due to impact generates more dislocations which  
will eventually deform the grains into sub-grains.  It is known that the reduction in grain size 
makes  it  difficult  for  dislocation  movement  and  strengthens  the  material  as  the  grain 
boundary increases [91].  The change in the yield strength of the material with grain size can 





y y d k     (7.1) 
 
where  y is the yield strength of the material,  d  is the average grain diameter,  0  is the 
friction stress and  y k  is the  constant for  yielding for a particular material. This phenomenon 
where the strength of the material increases with the reduction in grain size has stirred 
interest in this field. In particular, the formation of nanocrystalline grains by severe plastic 
deformation has received widespread interest [195, 196].   
 




7.5   Development of physical model for the evolution of surface and subsurface wear 
during erosion-corrosion 
 
  Figure 7.20 shows a graph of mass loss and mass loss rate versus increasing time 
duration from 5 minutes to 2 hours. Here the tests were extended to 2 hours in order to 
identify the erosion-corrosion behaviour with time. It is observed that the mass loss increases 
with increasing time duration, while the mass loss rate obtained by the average mass loss at a 
particular time divided by the time duration, shows a different response. The mass loss rate 
increases for experiments between 5 and 20 minutes, and then drops after 20 minutes before 
becoming constant from 30 minutes onwards.  A similar graph has also been observed by 
Rao and Buckley [197], who suggest that there would be 4 regions during solid particle 
erosion namely the incubation period, acceleration or accumulation period, deceleration or 
attenuation period and steady state period.  The incubation period occurs when there is little 
or  no  weight  loss,  and  in  air  erosion  there  may  even  be  a  weight  gain  due  to  particle 
embedment. In the acceleration period, the weight loss rate increases rapidly, while in the 
deceleration  period  the  weight  loss  rate  reduces  rapidly  before  finally  reaching  constant 
steady state erosion. In Figure 7.20, only the acceleration (5 to 20 minutes), deceleration (20 
to 30 minutes) and the steady state period (beyond 30 minutes) is clearly distinguishable.  It 
should be noted that it was difficult to resolve the mass loss for durations below 10 minutes 
due to the sensitivity of the gravimetric precision balance used.    
  These  results  actually  correspond  quite  well  to  the  surface  and  subsurface 
observation explained earlier in section 7.2.2 and 7.3.  Between 5 and 20 minutes when the 
particles  are  impacting  the  fresh  uneroded  surface,  each  particle  impact  causes  material 
removal through the formation of prominent lips and deep craters [1].  After a duration of 20 
minutes, the surface has been completely covered with 1 layer of lips and craters and a 
second layer starts forming. At this point, the efficiency of particle impact is retarded due to 
the rough uneven surface which absorbs the particle impact energy and reduces subsurface 
deformation. This characteristic is almost like a “self healing characteristic” during solid 
particle  erosion  which  prevents  the  acceleration  period  (between  5  and  20  minutes)  as 
observed  in  Figure  7.20  from  continuing  to  rise.  On  the  subsurface,  between  5  and  20 
minutes the depth of the nanocrystalline region increases with direct particle impact on the 
uneroded surface. Once the top surface layer becomes work hardenened, load is transmitted 
to the bulk grains leading to the formation of micro-grains and subsequently deformation of 
bulk grains. At this point, when the surface and subsurface have completely been work 
hardened and multiple layers of lips have formed, steady state erosion occurs corresponding  
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to the plateau region beyond 30 minutes. Another reason why the mass loss rates accelerate 
during the initial periods before reaching steady state erosion could also be associated with 
particle  degradation.  This  is  when  the  particle  becomes  more  rounded  and  reduces  the 
erosion efficiency particularly the cutting mechanism as the test duration increases. 
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Figure 7.20 Graph of  mass loss(mg) and mass loss rate (mg hr
-1) versus increasing time 
duration (hr) 
 
  This analysis which only looks at single particle impact and short erosion-corrosion 
durations may not represent what actually occurs in the material when it is subjected to 
erosion-corrosion for prolonged periods. This compact fine grained microstructure with high 
dislocation densities and twins would make it difficult for anodic dissolution to occur, as 
there are not many vacancies distributed in the metal [187]. This would inadvertently also 
lower the corrosion rates. However, during this period the oxide film will continually be 
broken, hence accelerating the corrosion rate. Micro galvanic cells will also be formed on the 
roughened surface of the deformed metal which further enhances the corrosion rate [107].  A 
simple model summarising the microstructural changes that occur on the subsurface of the 







(a) Single particle impact 
 
 
1.  High strain rate particle impact leads to 
the formation of deformed grains near the 
impact site. 
2.  Grain  boundaries  are  deformed 
preferentially to follow the shape of the 
impact crater. 
3.  Twinning  occurs  near  the  impacted 
region. 




   
1.  Repeated  particle  impacts  lead  to  the 
formation  of  larger  sites  of  deformed 
grains. 
2.  Plastic  deformation causes  formation  of 
nanocrystalline  grains  and  twinning 
across the material subsurface 
3.  The  influence  of  work  hardening,  grain 
refinement  and  twinning  versus thermal 
softening  due  to  localised  heating  by 
repeated impacts gives the final strength 
of the material [91,189]. 
4.  There is also the competition between the 
increase  in  corrosion  rate  due  to 
depassivation  by  particle  impact  versus 
the hindering of anodic dissolution due to 




Figure 7.21  A simple model describing the microstructural changes that occur at the 
subsurface during the initial stages of  erosion- corrosion (a) single particle 














7.6  Conclusions 
 
In this chapter, the evolution of wear on the surface and subsurface of UNS S31603 has 
been studied to understand the microstructural response of the material during the initial 
stages of this tribocorrosion process. The following conclusions can be drawn from this 
chapter: 
 
1.  In  the  incremental  particle  impact  experiments,  it  was  found that  the removal  of 
material occurs in either a cutting or ploughing type  mechanism [1]. This will be 
followed by lip removal with subsequent impacts. If the particle impacts the same 
crater,  then  a  less  effective  material  removal  occurs  where  the  particle  just  cuts 
deeper into the initial crater. 
 
2.  Erosion-corrosion  experiments  conducted  at  increasing  time  durations  from  0.5 
minute to 20 minutes revealed that between 0.5 minute and 10 minutes, the particles 
seems to erode the fresh uneroded surface increasing the number of lips and craters 
on  it.  Around  10  minutes,  when  the  surface is  completely  covered  with  lips and 
craters, a second layer of lips and craters is formed overlapping the initial layer.  
 
3.  The  subsurface  response  to  erosion-corrosion  at  increasing  time  duration  was 
analysed  using  FIB.  It  was  found  that  the  high  strain  rate  particle  impacts  have 
sufficient energy to deform the grains to form nano sized grains. The depth of this 
layer increases for experiments of up to 10 minutes. Within this period, any repeated 
impact on the same crater forms micro sized grains as the particle impact efficiency is 
retarded  by  the  deep  uneven  craters.  Beyond  10  minutes  when  the  surface  is 
completely eroded, a second layer of lips and craters is formed. As the top surface 
layer becomes work hardenened, load is transmitted to the bulk grains leading to the 
formation of micro-grains and deformation of bulk grains. 
 
 
4.  TEM  investigation  on  the  single  particle  impact  crater  revealed  that  deformed 
nanograins are formed immediately beneath the impact crater. In addition, twinning 
of the material is caused by plastic deformation due to the shear force imparted by the 
particle. TEM analysis of the specimen exposed to erosion-corrosion for 5 minutes 
also revealed the formation of larger deformed grain regions and more twins across  
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the subsurface area. Significant grain refinement on the material surface due to the 
repetitive impacts generates more dislocations, which eventually deform the grains 
into sub-grains. 
 
5.  Graph of mass loss rate versus time shows good correlation between the surface and 
subsurface deformation mechanisms. The graph shows clear trends of acceleration, 
deceleration and steady state erosion rate which has been explained using the SEM, 
FIB and TEM observations. Physical models on the evolution of subsurface wear for 
UNS S31603 are developed based on these observations. 
 




























8  An  Investigation  on  the  Erosion  Mechanisms  of  UNS  S31603 
using FIB and TEM 
 
8.1  Introduction 
 
In  the  previous  chapter,  the  evolution  of  surface  and  subsurface  deformation  during 
erosion-corrosion at increasing time duration between 30 seconds to 20 minutes was studied 
in detail. In this chapter, the mechanisms of wear on UNS S31603 subjected to pure erosion 
in the absence of corrosion will be investigated. A similar approach to the previous chapter is 
taken, where the grain structure, orientation and surface as well as subsurface deformation 
mechanisms  will  be  studied  in  detail,  focusing  on  the  unique  aspects  arising  from  the 
repeated  multiple  particle  impacts.  However,  here  the  erosion  duration  is  1  hour,  as 
compared to short duration tests in the previous chapter.  FIB has been used to elucidate the 
general surface features of the material, while STEM and HRTEM have been used to obtain 
an in-depth understanding on the microstructural response of the material to solid particle 
erosion. All tests were performed at a velocity of 7 m s
-1 using an average sand size of 294 
μm and 1 wt.% sand concentration.  
 
8.2  Erosion Mechanisms 
8.2.1  A study on the erosion mechanisms using FIB 
 
  The general wear features and microstructure of the material subjected to solid particle 
erosion has been investigated using FIB.  Figure 8.1(a) shows the surface features where the 
cross section of the sample has been taken.  A higher magnification view of this cross section 
is shown in Figure 8.1 (b). The cross section was taken across several impact craters. From 
the image, no abnormal wear features such as subsurface cracks are observed. Figure 8.2  
shows  another cross section  which  was taken  parallel  to  an extruded  lip to confirm  the 
subsurface wear mechanisms of an eroded sample.  In this cross section, a nano-crack is 
observed to occur along the extruded lip. The depth of this cross section is approximately 10 
μm. In the first 3 μm from the surface, nanocrystalline grains appear to have been sheared 
along the impact direction. However, between 3 μm and 10 μm, the orientation of the grains 
appears to be opposite the particle impact direction. Winter and Hutchings [197] observed 
intense bands of shear deformation passing into the lips which they attributed to the localised  
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shearing in the material. It is also believed that this intense shear deformation at the base of 
the lip might be responsible for the detachment of the lip along the sheared region [167].  
 
   
Figure 8.1  FIB cross section of a sample subjected to pure  erosion ( a)  General location of 
the cross section (b) Higher magnification image with no abnormal subsurface 
features 
 
   The  cross  section  of  the  eroded  sample  in  Figure  8.2  is  taken  parallel  to  the 
impacted lip and crater.  From the image, the depth of this crater is measured to be less than 
1 μm.  This feature suggests that the lip is raised quite prominently with a deep impact crater, 
similar to the type I cutting mechanism suggested by Hutchings [1]. Observing the material 
subsurface, the lip appears to be heavily strained and seems to be extruded and elongated to 
an extent that a stress concentrated region is formed at the base of the lip. Small amounts of 
embedded particles are also observed in the subsurface. This stress concentrated region then 
becomes the crack initiation point. Since the material has already been subjected to erosion 
for 1 hour, the top surface of the material would have already undergone work hardening 
which  increases  the  hardness  of  the  material.  Besides  that,  the  grain  refinement  due  to 
particle impact would have also increased the strength and hardness of the material [185]. 
This would increase the susceptibility of the material to cracking, since the material would 
start exhibiting brittle behaviour as the hardness increases. Necking and ductile fracture may 
occur once the ultimate strength of the material is exceeded [91]. Winter and Hutchings 
[197] have estimated that the amount of strain from the difference between the undeformed 
grain and the elongated grains to be approximately 5. In certain cases, the strain may be up to 
25 [198]. At these strains, the lip is often elongated enough that it starts to undergo straining, 
which causes enhanced thinning on certain points of the material. These lips become highly 
Eroded surface 
(a)  (b)  
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vulnerable to removal by the subsequent impact.  There is also another possibility in which 
the crack that is observed in the material could have been formed due to the folding of lips 
after several layers of lips are formed, flattened and extruded. The mechanism in which this 
occurs will be described in more detail in Section 8.2.2.3. 
 
 
Figure 8.2  In-lens image of a FIB cross section parallel to the extruded lip showing 
formation of nano-cracks and grain sheared along direction of impact 
 
  Besides being sheared along the impact direction, the grains also appear to be shaped 
in the form of indented craters. The difference in the direction of shearing near the surface of 
the material, compared to that 3 μm below the surface, indicates that at the top surface layer, 
the impact has significant influence in determining the orientation of grains. However below 
3 μm, the grains appear to resist the direction of shear and appear to orientate in the opposite 
direction.  One  possibility  for  this  could  be  that  the  microstructure  at  this  region  is  still 
influenced by the manufacturing process prior to solid particle erosion.  Using dynamic 
Hertzian analysis, the maximum shear stress under the contact and depth of the maximum 
shear stress was calculated to be 0.82 GPa and 6.1 μm respectively[159,199]. This value is 
double the depth of the nanocrystalline sheared grains in this work.  However, this analysis 
can  only  be  used  as  a  rough  approximation  as it assumes  that  the  impacting  particle is 
spherical in nature and the contact is elastic, which is not the case in this work. A large 
amount  of  energy  is  needed  to  plastically  deform  the  material.  Hence,  one  possible 
explanation is that the reduced depth of shear stress observed is a consequence of the energy 
Impact direction 
Grain  sheared  along 











used during plastic deformation, which caused less energy to be dissipated deep into the 
material. Besides that, the contact that arises from angular particles also might be limited to 
the cutting edge of the particle, reducing the effective contact area. This value however, 
gives an approximation on the depth of particle shear stress influence on the material.  A 
similar grain gradient structure has also been observed by Kim et al. [140] in high strain rate 
experiments  using  an  explosively  driven  friction  tester.  It  was  demonstrated  that  a 
nanostructure is formed near the surface, and below the surface a flow pattern is seen with 
large grain deformation. The thickness of the nanocrystalline layer did not alter significantly 
with increasing velocity, indicating that the changes in grain size gradient at high strain rates 
are confined to the near surface microstructure where the energy is dissipated in the material. 
 
8.2.2  A study on the erosion mechanisms using TEM 
8.2.2.1 General Sub-surface features 
 
  Figure 8.3 (a) shows the surface area at the location where the TEM lamella was 
prepared, while Figure 8.3 (b) shows the  preparation of the TEM lamella which has been 
used in this work to study the material subsurface subjected to pure erosion for an hour. As it 
is observed from these images, the whole surface has been covered with multiple impacts 
and  craters.  Therefore,  the  TEM  lamella  cross  section  is  taken  across  several  of  these 
features to reflect the wear process that occurs on the material. The size of the lamella is 15 
μm in width and has a depth of 10 μm. 
 
   
Figure 8.3  Cross section where the TEM lamella was prepared  (a) Surface area at the 
location of the cross section (b) Preparation of TEM lamella cross section 
Location  cross  section 
was prepared  
188 
 
Figure 8.4 shows a dark-field STEM image that reveals the microstructure and general 
features  of  the  microstructure  which  has  been  subjected  to  erosion  for  1  hour.  Several 
features can be distinguished from this image, including the grain size variation with depth, 
the formation of nano-cracks on the top surface of the material and the shearing of grains 
along the impact direction. The reason the lamella appears to be darker in certain regions of 
the specimens  is  due to the  mass-thickness  contrast  that arises  from  the specimen.  This 
occurs in thicker regions of the specimen where the contrast arises from incoherent elastic 
scattering of the electrons [145]. Thicker areas in the sample will scatter more strongly, 
hence will be darker in the image. Notice that the depth of the nanocrystalline layer for the 
sample that has been eroded for 1 hour is approximately 2 μm, compared to about 1 to 1.2 
μm for the sample that had undergone erosion-corrosion for 20 minutes as shown in section 
7.3 of the previous chapter. The depth of the micro grains extends to about 5μm from the 
surface, and beyond this region the bulk grains appear to be predominant in the material. 
 
 
Figure 8.4  STEM dark-field image showing grain size variation with depth  
 
 In the top surface of the microstructure the grains have a size in the range of 10 to 100 
nm revealed in the bright-field TEM image in Figure 8.5. This is one of the strengthening 
mechanisms in metals as the increase in number of grains, increases the number of grain 
boundaries which hinders dislocation motion. This process of grain refinement combined 




with the effect of work hardening increases the hardness of the metal.  There will also be 
some thermal softening due to plastic deformation by repeated impacts and the final hardness 
of  the  material  will  depend  on  the  competition  between  these  processes  [200].  This 
phenomenon has been described in detail in Chapter 7. UNS S31603 is a ductile material and 
the erosion rate of this material is expected to be maximum at acute angles of 30° where 
cutting and ploughing mechanisms dominate [1]. However, the formation of cracks in the 
material indicates that the material does exhibit brittle behaviour after a test duration of 1 
hour even at acute angles.  In this case, factors such as mixed impact angles caused by 
baffles  in  the  rig  and  the  irregular  shape  of  the  particles  which  become  rounded  after 




Figure 8.5   TEM bright-field image of a sample subjected to pure erosion showing the 
formation of nano-grains  
 
Cracks appear to be a product of solid particle erosion as observed from the STEM 
image in Figure 8.6.  Figure 8.7 shows a bright-field TEM image of this cracked region. 
Highly  deformed  bands  of  nano-grains  are  also  observed  in  Figure  8.7  in  the  region 
immediately  next  to  the  cracks.  The  depth  of  this  deformed  region  is  measured  to  be 
approximately 350 nm. With the exception of the deformed band of nano-grains, the rest of 
the regions around the band are all orientated towards the direction of impact. The crack 
nearest to the surface of the material is formed in parallel to the surface, while the crack 
Nanograins  Platinum layer  
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below is formed at a 30° angle from the surface as the datum. There also appears to be a 
short horizontal crack between the two major cracks attempting to connect the major cracks 
to  form  a  crack  network.  High  strain  rate  loading  is  known  to  usually  generate  cracks 
because it increases the yield strength and shrinks the range of plastic deformation of a metal 
[201]. This condition favours crack initiation and propagation Heat generated during plastic 
deformation  is  quite  localised,  inducing  thermal  softening  and  strain  rate  dependence. 
Materials will exhibit brittleness at high strain rates because the higher stress level makes the 
plastic region surrounding the stress concentration smaller [201].  
 
 









Figure 8.7  TEM bright-field image of a sample subjected to pure erosion showing the 
presence of cracks and deformed grains   
 
 
8.2.2.2 Phase Transformation 
 
  TEM Selected Area Diffraction Pattern (SADP) on the deformed nano-grains is shown 
in Figure 8.8. The diffraction pattern shows phase transformation from a face centred cubic 
(fcc) austenite to a body centred tetragonal (bct) martensite. This is demonstrated by the 
existence of bct rings along with the fcc rings in  the UNS S31603 sample subjected to 
erosion for 1 hour.  The large strains imposed by the repeated particle impact increases the 
dislocation density in the material [150]. This increase in dislocations forms a cell structure 
which  eventually  starts  developing  into  grains  after  extensive  dislocation  rearrangement. 
This strain induced process promotes phase transformation from austenite to martensite. The 
bct structure is similar to body centred  cubic (bcc) structure but elongated in one of its 
dimensions [91].  In this case, in the 3rd indexed ring of (200), one of the diffracted spot 
appears to be located slightly deeper compared to the other. Both these spots have been 
highlighted in the red circle in Figure 8.8. This shows that one of the dimensions in the 
structure is slightly longer and implies that it is a bct structure, as the lattice parameter c > a 
compared to a bcc structure where the lattice parameter c = a.  Phase transformation for 
stainless steels from austenite to martensite has also been observed in impact studies and 
Cracks  Deformed grains 
Martensite phase transformation  
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sliding wear [150, 191, 202]. Martensite formation promotes high internal stresses in the 
material while hindering dislocation motions and greatly affects the material strengthening 
process. This combined with the work hardening of the material, plays an important role in 
fatigue crack formation in the material. 
 
 
Figure 8.8  TEM Selected Area Diffraction Pattern confirming  phase transformation from 
face centred cubic (fcc) austenite to body centred tetragonal (bct) martensite 
 
 
8.2.2.3 Subsurface wear and fatigue cracks 
 
  Shewmon and Sundarajan proposed a simple model explaining the deformation zones 
in a material subjected to oblique impact [184]. This is illustrated in Figure 8.9 where region 
I corresponds to the sheared region and region II is where most of the bulk deformation 
occurs. The volume of lip removed would be from region I and the fraction of volume 
removed  would  be  dependent  on  the  impact  velocity,  impact  angle,  particle  shape  and 
strength of the target material. Region II where the bulk deformation occurs undergoes lower  
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strains in contrast to region I where the shear strains are higher and suffers from significant 
temperature rise during particle impact [184]. Critical strain above which lip formation will 
occur is believed to be when the rate of work hardening of the surface equals to the rate of 
thermal softening [184, 201]. The deformed grain region in Figure 8.6 and Figure 8.7 is 
believed to be a part of region I proposed by Shewmon and Sundarajan, which are highly 
localised with high shear strains and undergoes some thermal softening but predominantly 
influenced by strain hardening. This is based on the observation of brittle cracking behaviour 







Figure 8.9  Model proposed by Shewmon and Sundararajan through an oblique impact 
crater  where I – region of intense shear deformation and lip generation and II – 
region with generally lower strains [184] 
 
  Figure 8.10 shows different type of nano-cracks in the material surface. These cracks 
appear very close to the surface and the lengths of the cracks are only about 50 nm. The 
previous chapter looked at the evolution of the worn surface subjected to erosion-corrosion 
and found no cracks at up to 20 minutes of erosion-corrosion. The formation of cracks after 1 
hour in this work is believed to be due to the prolonged exposure of the material to repetitive 
particle impacts. As the sample in this chapter was subjected to a pure erosion condition, the 
influence of corrosion is assumed to be minimal, therefore the formation of cracks due to 
stress  corrosion  cracking  is  ruled  out.  Fatigue  cracks  are  caused  by  repetitive  or  cyclic 





Figure 8.10  STEM dark-field  image showing the grains being deformed in the shape of 
craters and observation of nano-cracks 
 
Fatigue fracture occurs in three stages where in Stage I, it occurs mainly by slip 
plane cracking due to repetitive reversals of the active slip system [202].  In the second stage 
the crack is influenced by the magnitude of the repetitive stress i.e repetitive particle impact 
in this work [202]. In Stage III or the terminal propagation stage of the fatigue crack, fracture 
modes such as cleavage occurs until the crack becomes vulnerable and breaks [202]. It is 
believed that in solid particle erosion, the fracture mode is of low cycle and high stress 
fatigue with a relatively large plastic zone at the crack tip and causes fracture.  
  Rigney  and  Glaeser  [203]  studied  the  near  surface  microstructure  of  a  material 
subjected to sliding wear, and suggested that the change in microstructure to a cell type 
structure  influences  the  wear  process  and  subsequently  crack  formation.    Similar  to 
Shewmon and Sundararajan [184], it was proposed that the material consists of two distinct 
worn surfaces. The first layer which they termed the fragmented layer is highly strained, 
while the second layer was referred to as the deformed layer with lower strains but extends 
much deeper into the material. These two distinct layers are also observed in this work as 
seen  in  Figure  8.11.  The  cellular  structure  develops  as  the  strain  increases  during  each 
particle impact. In sliding wear, these structures are elongated towards the sliding direction. 
However, for solid particle erosion these grains would appear to be elongated in the particle 




nm. The cellular microstructure also provides suitable conditions for crack formations. It was 
proposed that cracks would run parallel to the surface, as seen in Figure 8.6  and Figure 8.7, 
along the highly strained elongated wear direction [203]. 
  The second possibility in which the cracks could have formed is through the folding of 
lips after prolonged exposure to erosion. After several layers of lips are developed in the 
material, these lips which are still subjected to particle impact are vulnerable to being folded 
if are not completely extruded. The folding of lips along with the  embedded fragmented 
particles, wear debris which remain on the material are driven further into the material with 
repeated  impacts.  After  a certain  period, these  lips, wear  debris and embedded  particles 
become buried when plastically deformed lips are formed over them [146]. These folded lips 
appear as cracks and provides an explanation on why the embedded particles appear along 
with the cracks in certain regions of the material. 
 
Figure 8.11  STEM dark-field  image showing the formation of nano-grains due to erosion  
   
   Figure 8.12 shows the formation of twins on the subsurface of the material. These 
intersecting twins are formed when twins exhibit two or more activated twin systems [204]. 
The angles of these intersecting twins are about 50° in opposite directions. These intersecting 
twins which occur primarily on the low strain deformed region (below 400 nm from the 
surface)  would  later  hinder  dislocation  mobility  in  the  material  and  this  would  lead  to 




deformed layer  
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Figure 8.12  STEM dark-field  image showing the formation of intersecting twins  
 
8.2.3  Development of physical models for erosion mechanisms of UNS S31603 
 
  In  this  work  for  the  first  time  in-depth  analysis  has  been  performed  using  FIB, 
STEM and TEM to study the microstructural response of UNS S31603 to solid particle 
erosion. The amount of stress that is imparted on the material calculated using dynamic 
Hertzian  analysis  is  about  1.82  GPa  assuming  a  spherical  erodent  [159].  The  grain 
refinement combined with the work hardening that occurs due to accumulation of strain 
would lead to significant strengthening of the material. Repeated particle impacts at high 
strain rates would increase the yield strength on the top surface of the material [201].  This 
condition  assumes  that  the  effect  of  strain  hardening  outweighs  the  effect  of  thermal 
softening. The large amount of strain imposed on the material due to particle impact also 
promotes phase transformation from austenite to martensite. The role of subsequent particle 
impacts at prolonged durations then leads to fatigue cracking on the top surface of the 
material. These cracks usually initiate at highly strained regions beneath the lips as shown 
in Figure 8.2 or highly stressed regions such as particle embedded regions. The cracks that 
appear on the material could have also been formed by the folding of lips and embedment 
of particles in the subsurface of the material after multiple layers of lips are formed over 
them. A physical model on the microstructural changes that occur during solid particle 










and highly strained 
region
 
1.        Repeated particle impacts causes work 
hardening and grain refinement increasing 
the strength and hardness of the material.   
2.         A two layer structure is formed where the 
first layer is a nanocrystalline region 
which is highly strained and the second 
layer is a bulk deformed layer which 









3.        The large amount of strain imposed on the 
material due to particle impact also 
promotes phase transformation from 
austenite to martensite. 
4.        After a certain point, the top surface of the 
material starts exhibiting brittle behaviour 









5.         Repeated particle impacts at high strain 
rates then would increase the yield 
strength on the top surface of the material.  
6.        This leads to fatigue crack formation on 
the top surface of the material due to the 
repeated stress loading by the repeated 
particle impacts.  
7.        These cracks usually initiate at highly 
strained regions beneath the lips or highly 
stressed regions such as particle 
embedded regions.   
8.       The cracks that appear on the material 
could have also been formed by the 
folding of lips and embedment of particles 
in the subsurface of the material after 
multiple layers of lips are formed over 
them. 
 
Figure 8.13  A physical model proposing the mechanisms and microstructural changes that 






8.3  Conclusions 
 
In this chapter the microstructural changes of UNS S31603 during solid particle erosion 
have been studied in detail using FIB and TEM. The following conclusions can be drawn 
from this work: 
 
1.   FIB cross section taken parallel to an extruded lip reveals the formation of a nano-
crack  along  the  extruded  lip.  It  is  hypothesized  that  the  heavily  strained  lip  is 
extruded to an extent that a stress concentrated region is formed at the base of the lip. 
This stress concentrated region then becomes the crack initiation point. 
 
2.    At a depth of 3 μm from the surface, nanocrystalline grains appear to have been 
sheared along the impact direction as the particle impacts the surface and grains start 
orientating towards the impact direction.  
 
3.  TEM Selected Area Diffraction Patterns (SADP) revealed phase transformation in the 
material from an fcc austenite structure to a bct martensite structure.  
 
4.   It  is  proposed  that  nano-cracks  on  the  top  surface  are  formed  due  to  repetitive 
particle  impacts  on  the  material  which  causes  fatigue.  This  is  thought  to  be  the 
primary mode of crack generation in the material during solid particle erosion after 
prolonged periods. 
 
5.  A  two  layer  structure  is  formed  where  the  top  layer  consists  of  highly  strained 
nanocrystalline grains. The second layer is a general bulk deformed layer which has 
lower strain but high density of primary twinning. Fatigue cracks initiate at the highly 
strained regions beneath the lips or highly stressed regions such as particle embedded 
regions. 
 
6.  Another possibility of crack formation due to folding of lips on the material is also 
proposed as it better describes crack formation along with the embedment of particles 







9  An  Investigation  of  the  Erosion-Corrosion  Mechanisms  of  UNS 
S31603 using FIB and TEM 
 
9.1  Introduction 
 
In this chapter the wear mechanisms of UNS S31603 subjected to erosion-corrosion for 1 
hour will be investigated.  FIB and TEM will be used to study the microstructural changes in 
the material. Comparison will be made with a sample subjected to pure erosion for 1 hour to 
study the difference and the influence of corrosion on the wear process. This chapter aims to 
correlate the results from Chapter 7 and Chapter 8 to understand the evolution of the material 
subjected to erosion-corrosion for 1 hour. Special attention will be given to the influence of 
particle fragmentation and the role of the oxide film. Physical models are developed based 
on the findings to describe the surface and subsurface wear mechanisms, along with the 
synergistic interaction that arises during erosion-corrosion. Similar to the previous chapter, 
all tests were performed at a velocity of 7 m s
-1 using an average sand size of 294 μm and 1 
wt. % sand concentration. However for erosion-corrosion experiments, 3.5% NaCl solution 
was used as opposed to distilled water which was used for the pure erosion experiments. FIB 
and TEM cross sections were taken at a 30° angle from the stagnation point on the specimen 
surface as shown in Chapter 7, Figure 7.1. 
 
9.2  Erosion-corrosion mechanisms 
9.2.1  A study on erosion-corrosion mechanisms using FIB 
 
  FIB cross section of a sample subjected to erosion-corrosion for 1 hour is shown in 
Figure  9.1  (a)-(d).  Figure  9.1  (a)  shows  the  FIB  cross  section  and  the  extent  of  crack 
networks  formed  on  the  subsurface  of  the  material.    Figure  9.1  (b)  –  (d)  shows  higher 
magnification images of these cracks. The length of these cracks is approximately 500 to 700 
nm. All the cracks appear to originate from the top of the surface and run diagonally along 
the  impact  direction  into  the  subsurface.  Particle  embedment  was  also  observed  in  the 
material as evident in Figure 9.1 (d). A few questions that arise from these observations are 
the reason why extensive particle embedment is observed on the sample undergoing erosion-
corrosion and not pure erosion as observed in the previous chapter. The crack networks also  
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seem to be more extensive for erosion-corrosion samples. In order to confirm and investigate 
these mechanisms further, a second FIB cross section was prepared. 
 
   
   
Figure 9.1  FIB cross section of a sample subjected to erosion-corrosion at different 
magnifications (a) image showing the full view of the cross section  (b) image 
showing the crack network to the left of the cross section (c) image showing the 
crack network to the right of the cross section (d) embedded particles on the top 
surface of the specimen  
 
  Figure 9.2 (a)-(d) shows the preparation of the second FIB cross section of the sample 
subjected to erosion-corrosion. Figure 9.2 (a) shows the location on the sample where the 
cross  section  was  taken.  This  location  was  chosen  due  to  the  prominent  lips  that  were 
observed on the material. It provides an ideal location to study the changes in microstructure 
(a)  (b) 










beneath the impacted lip and crater. After subjected to erosion-corrosion for 1 hour, several 
layers of lips and craters have already formed on the material. Some of the lips have also 
been flattened by particle impacts. A layer of carbon was deposited on top of the lips as 
shown  in  Figure  9.2  (b).  A  cross  section  was  then  milled  across  these  lips  to  obtain 
information on the subsurface deformation across the length of the crater and lips. Figure 9.2 
(c) shows the early stages of the FIB milling process, where cracks have already begun to 
appear even before the milling reaches the final carbon deposited area.  The final FIB cross 
section is shown in Figure 9.2 (d). 
 
   
   
Figure 9.2  Secondary electron images on the sequence of obtaining a FIB cross section (a) 
image showing the extruded lips (b) protective carbon layer deposited on the 
lips before being cross sectioned (c) image showing the sample being cross 
sectioned (d) final cross section of the sample. 
(a)  (b) 
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  Figure 9.3 shows a high magnification In-lens image of the final cross section. Several 
features are observed from the image including a large micro-crack, a network of nano-
cracks  and  the  variation  of  grain  size  with  depth.  The  formation  of  nano-cracks  is  not 
surprising since this has already been observed earlier in Figure 9.1. However, the large 
micro-crack  is  a  unique  feature  in  this  cross  section.  There  also  appears  to  be  a  large 
irregular shaped feature that is observed next to this micro-crack. The variation of grain size 
with depth is more clearly illustrated in the ion channelling contrast image in Figure 9.4. 
From  this image,  a  nanocrystalline layer  is  observed  at the top  2  μm  from  the  surface. 
Beyond this depth, slightly larger deformed micro-grains are observed. Before the sample is 
subjected to erosion-corrosion, the depth of this nanocrystalline layer due to polishing alone 
is about 200 nm as discussed in Chapter 7.  Therefore, after a duration of 1 hour, the depth of 
the nanocrystalline layer increases in the eroded sample. The direction and orientation of the 
grains seem to be aligned along the impact direction. The direction of cracks also seems to 
be  aligned  to  the  impact  direction.  The  impact  direction  is  determined  through  surface 
examination of the extruded lip direction.  However, it should be noted that there will also be 
random impacts at multiple angles on the specimen, due to the design of the rig which 
includes baffles. The baffles allow mixing of the particles during the test, hence prevents 
them from settling at the bottom of the rig.   
 
 
Figure 9.3  In-lens image of the cross section showing the presence of  a network of cracks 
 Micro-crack  Nano-cracks 






Figure 9.4  FIB ion channelling contrast image of the cross section showing clearly defined 
grain boundaries. 
 
  Figure 9.5 shows a region with a network of cracks formed on the top surface of the 
sample. This region appears to be brittle, and the network of cracks appears to be shaped in 
the  form  of  a  semi-circle,  consistent  with  the  shape  of  an  indented  crater  caused  by  a 
spherical particle impact on a brittle material. The diameter of this ring crack network is 
measured to be about 7 μm. This is much smaller than the average particle size used in this 
work, which is about 294 μm. It should be noted that the particles have angular edges which 
will make the actual contact diameter with the surface much smaller than the average particle 
diameter. The depth of this ring crack extends to about 1 μm from the top of the surface. The 
brittle behaviour on the surface of the microstructure is caused by a combination of work 
hardening and grain refinement, both of which would increase the hardness of the material 
[91]. This occurs after a series of processes involving  an increase in dislocation density 
leading to a change in grain orientation towards the direction of impact. The decrease in 
grain size also prevents dislocation mobility across the material. This is because the increase 
in grain boundaries as grain size decreases, serves as a barrier to dislocation motion hence 
increases the hardness of the material [91]. This in part may explain the reason the material 
starts exhibiting brittle behaviour after repeated particle impacts. 
 
Change in grain size with depth 
 Impact direction 




Figure 9.5  In-lens image of the formation of ring cracks on the top surface of the specimen. 
 
   These types of ring cracks are normally observed for erosion of brittle materials. 
Wood et al. [200] and Wheeler and Wood [201] who performed erosion studies on Chemical 
Vapour Deposited (CVD) boron carbide and diamond coatings respectively, also observed 
similar ring cracks on the material. Hertzian analysis was used to estimate the diameter of 
the ring cracks [160, 200, 201]. It was found that Hertzian theory predicts that the ring crack 
diameter should be about 24 μm, which is much larger than the measured ring crack diameter 
of 7 μm from the FIB images. It should be noted however, that the Hertzian analysis assumes 
spherical particle impact and elastic contact which is not the conditions in this work, where 
sub-angular particles are used and the contact is a mix of elastic and plastic contact. Wood et 
al. [200] provided a simple analysis on the amount of energy needed per particle impact to 
generate  surface  ring  cracks.  It  was  hypothesized  that  the  formation  of  ring  cracks  are 
dependent  on  the  particle  impact  energy  and  the  number  of  particle  impacts.  The  term 
particle impact energy per Hertzian impact zone (Ekt) was introduced. This term assumes that 
all  particles  impacting  the  surface  with  repeated  impacts  N,  on  a  given  area  A,  can  be 
calculated for a given time. This is calculated by assuming any particle impact that has a 







N     (9.1) 
 
Where F is the particle flux, t is the test duration and ms is the sand particle mass. The total 
energy per Hertzian impact zone (Ekt) can then be estimated by Eq. (9.2): 
 
Ekt  =  NEk      (9.2) 
 
where Ek is the particle kinetic energy at a given velocity and average mass of the sand. In 
this work, the total amount of energy required per Hertzian impact zone to generate complete 
ring cracks (Ekt) is calculated to be 0.15 J or approximately after  N exceeds 1.72 x 10
5 
impacts at a given kinetic energy of 0.87 μJ per impact.  For a sand concentration of 1 wt. % 
there would be an average of 2 x 10
5 impacts on the specimen per second (calculated using 
average number of particles per litre and the volume swept by the slurry in one second). 
Therefore, after a duration of 1 hour it is not surprising that the same impact site undergoes 
numerous  impacts  (estimated  to  be  about  4.74  x  10
7  impacts/hr.cm
2)  which  causes  the 
formation  of  brittle  cracks.  However,  these  values  have  to  be  taken  with  caution  as 
parameters such as the work hardening exponent, Hall-Petch analysis for grain refinement, 
thermal softening rate and also physical mechanisms such as the number of layers of lips 
formed and effectiveness of particle impact at a given site need to be taken into account in 
interpreting these results. This calculation also assumes 100% impact efficiency, which is 
not the case as some of the particles are diverted by the fluid flow and do not impact the 
target surface. 
In the studies on erosion mechanisms of brittle scales on metals, Levy [6] explained that 
there will be some type of stress field developed due to plastic deformation by the particle 
impact on the oxide layer. This causes the formation of radial and planar cracks during the 
initial stages of erosion. In this period, the material loss is minimal as lips are formed by 
subsequent  impacts  while  continuing  to  work  harden  the  base  metal.  After  a  threshold 
period, the oxide scale is removed by fracture due to repeated particle impacts. Subsequent 
impacts will start extending the radial and lateral cracks, forming a network of cracks which 
are then vulnerable to being chipped off. This is also due to the compressive and tensile 
stresses created by the angular particle impact. Although this observation is made for thick 
oxide scales at an elevated temperature, where the thickness of the scale is in the range of 2 
to 5 μm [6], the same mechanisms but at a much smaller scale can also be deduced for 
corrosion of passive oxide films, where the thickness of the film is typically less than 10nm  
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[39, 45]. The stress field and crack orientations developed for brittle scales on metals are 























Figure 9.6  Diagram of the stress field and cracks developed during particle impact on 
brittle scales as described by Levy [6] (a) during impact (b) post impact  
 
Figure 9.7 shows a high magnification image of the micro-crack, formed on the surface of 
the material extending all the way to the subsurface of the material. The point where the 
micro-crack appears to have initiated corresponds to the extruded lip observed in Figure 9.2 
(a). The crack propagated at an angle of between 20 and 35° from the surface along the 
extruded  lip  and  extended  diagonally  to  a  depth  of  5  μm  from  the  surface.  Numerous 
networks of nano-cracks are observed on the top 200 nm from the surface in Figure 9.7, 
which shows a similar mechanism as the crack network in Figure 9.5 but at a much smaller 
scale.  The  sizes  of  the  grains  were  much  finer  in  the  upper  region  of  the  micro-cracks  
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compared  to  the  lower  region  of  the  crack.  This  was  mainly  due  to  the  uneven  stress 
distribution on the material when the particle impacts, where most of the particle impact 
energy,  stress  and  strain  was  transferred  to  the  upper  region  of  the  crack.  The  energy 
transferred was unable to distribute to the bottom region of the crack due to the void formed 





Figure 9.7  In-lens image of the crack extending from the surface to the subsurface. 
 
  Energy Dispersive X-Ray (EDX) analysis was performed to determine the chemical 
composition of the unidentified material in Figure 9.7.  Figure 9.8 shows the results from the 
EDX analysis which shows the presence of silicon and oxygen elements at the point of 
interest. Therefore, it was confirmed that the large irregular shaped material in the cross 
section was embedded fragments of silicon oxide particles. The depth at which the particle 
has been embedded into the material was about 1μm from the surface, just beneath the lip.  
This is however not surprising, as particle embedment into the material has been observed by 
other researchers as well [147,149,150]. Voids and embedded fragmented particles were also 
observed  on  the  subsurface  of  the  material,  where  the  region  consists  of  fine  and 
recrystallised grains [150].  Particle fragmentation leading to secondary erosion has been 
Micro-crack 
Impact direction 
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observed by Tilly [10] in his work using quartz on H46 steel. It was assumed that the amount 
of fragmentation and secondary erosion would be dependent on the particle velocity, size, 
impact angle and difference in hardness between the erodent and target material. From these 
images however, it is difficult to conclude on how the particle has been embedded deep into 
the material and the point at where the crack initiates. This is because the cross section only 
reveals part of the crack and not the full length of the crack. 
  
   
Figure 9.8   EDX analysis confirming embedded particle in the subsurface 
 
  In order to fully explore the point where the crack originates, the FIB cross section 
was extended approximately 10 μm to the left of the initial cross section. The aerial view of 
the extension is shown in Figure 9.9 (a) while Figure 9.9 (b) shows the final view of the 
extended cross section. This image can be directly compared to the final cross section from 
the initial work shown in Figure 9.2 (d). The main difference between these two images now 
is  that  the  full  length  of  the  crack  can  be  observed  together  with  changes  in  the 
microstructure surrounding the cracked region.  
 
Presence of Silicon Oxide  
209 
 
   
Figure 9.9  (a) Location of extension of the FIB cross section  (b) final FIB extended cross 
section  
 
  Figure 9.10 shows the secondary ion image of the extended cross section. Cracks in 
ductile material occur when the material has been subjected to extensive plastic deformation 
[91].  As the stress imposed on the material increases, the material starts straining heavily 
and  this  region  starts  developing  microvoids  [91].  With  further  deformation,  these 
microvoids coalesce and propagate into a crack before failure. In Chapter 7 we have seen 
that during the initial stages of erosion-corrosion, no cracks are observed on the material. 
However, in the 1 hour erosion test in Chapter 8, the material starts forming cracks on the 
subsurface. Therefore the crack initiation in this work can be confirmed to be time dependent 
and initiates due to the mechanical process of erosion (in the absence of corrosion). This has 
led to the discussion in Chapter 8 on development of fatigue cracks on the material. The fact 
that particle embedment is also present in the material, further adds to the stress concentrated 
region and is also a source of void; hence it becomes a preferred region for crack initiation.  
In  addition,  repeated  particle  impacts  at  high  strain  rates  would  then  increase  the  yield 
strength  on  the  top  surface  of  the  material  [203].  This  combined  with  the  increase  in 
hardness due to work hardening and grain refinement, would further reduce the ductility, 
hence the range of plastic deformation of the metal [91, 203].  All these factors contribute to 
the crack development in the material. Also, it is believed that corrosion further accelerates 
the crack and contributes to crack propagation in the material, through corrosion fatigue [91].  
 




Figure 9.10 Secondary scanning ion image of the extended cross section showing the extent 
of crack length. 
 
  Figure  9.11  shows  the  grain  structure  surrounding  the  crack  using  the  FIB  ion 
channelling contrast. This high magnification image of the grain structure clearly reveals the 
directionality and size of the grains which are affected by the crack. The grains above the 
crack are much finer than the grains below the crack. The orientation of grains below the 
crack also varies with the change in crack direction. The formation of nano-crystalline grains 
in the high strain and strain rate conditions, which occur during solid particle erosion, is 
expected as the flow stress and work hardening rate increases in the material [195, 203]. This 
promotes dislocation multiplications and refining of grains to smaller sub-grains which leads 
to the increase in hardness of the material [195]. The two layer cell structure proposed by 
Rigney and Glaeser [205] consisting of a highly strained first layer and a lower strained 
second layer, plays a significant role in the extent to which crack propagates, as it is believed 





Figure 9.11 Scanning ion electron image of the extended cross section with ion channelling 
contrast showing the grain structure and orientation surrounding the crack. 
 
The  repeated  straining  and  hence  stress  imparted  by  the  particles  on  the  material 
contributed to the fatigue cracking in the material [91]. There are three stages in the process 
of fatigue failure.  The first stage is crack initiation in the highly stressed region. In this case, 
the highly stressed region is formed beneath the highly strained lip region, in particular the 
location  where  the  particle  has  embedded  into  the  material.  A  possible  mechanism  for 
fragmented particle embedment is by the folding of lips after the formation of several layers 
of lips, which causes the fragments to be pushed into the void created by repeated impacts on 
the surface. Evidence for this lip folding mechanism is shown in the SEM images in Chapter 
5, Figure 5.8 and Figure 5.9 These lips and flakes can either be removed by subsequent 
impacts or fold into the multiple layers of lips formed on the surface and eventually be 
pushed into the material.  In the second stage, as the particles continue impacting the surface, 
the crack starts propagating. Finally the crack terminates once it reaches a point where the 
deformed layer has lower strains and is not severely work hardened [205]. However, in 
regions where there is no direct evidence of particle embedment, stress concentrations can 
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Two other important factors that contribute to the fatigue cracks are thermal effects and 
corrosion [91]. Hutchings and Levy [189] predicted that there would be an estimated rise in 
temperature of up to 510K in steels during solid particle erosion in air assuming no heat 
conduction. The increase in temperature may cause thermal stresses by the expansion and 
contraction at micro and nano levels in the material. This rise in temperature would certainly 
contribute  to  thermal  stresses  in  the  material  and  hence  accelerate  cracking.  Another 
important factor that has to be considered is corrosion. The corrosive environment shortens 
the fatigue life further after the crack initiates, when the corrosive species uses the crack as 
the shortest path of ion and mass transfer, and hence propagates the cracks [205]. These two 
factors are important considerations in erosion-corrosion as both factors play an important 
role  in  fatigue  cracking.  The  estimated  average  contact  pressure  on  the  surface  during 
particle impact was calculated using Dynamic Hertzian analysis to be 1.82 GPa. This factor 
combined with the repeated impacts which occur at high strains of up to 25 and at strain rates 
of up to 5.4 x10
4 s
-1, would certainly be an ideal environment for fatigue cracking [37, 160, 
199, 200].  This type of fatigue cracks have also been observed for shot-peening processes 
[139]. It was believed that these cracks were formed as a result of severe plastic deformation 
of the surface where strain accumulation occurs. 
 
9.2.2  A study on erosion-corrosion mechanisms using TEM 
 
 A TEM lamella was prepared on the FIB cross section in section 9.2.1 to perform in-
depth analysis on the microstructural changes during this tribocorrosion process. Figure 9.12 
shows the In-lens electron image while Figure 9.13 shows the STEM dark-field image of the 
lamella. The size of the TEM lamella is 17 μm in width and 7 μm in depth. From these two 
images, the full extent of the crack, the orientation of the grains, formation of nano-cracks 






Figure 9.12  In-lens electron image of the cross sectioned TEM lamella.   
 
 
Figure 9.13 STEM dark-field image on the TEM lamella cross section  
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Figure 9.14 shows a STEM dark-field image on the top surface of the cross section where 
a network of cracks, brittle chipping and subsequent spalling of the material are seen to 
appear on the surface. The cracks are observed to propagate diagonally along the impact 
direction to a depth of 600 nm. The amount of strain hardening in the material plays a role in 
the brittle behaviour seen in the top surface of the material. This indicates that the work 
hardening behaviour exceeds the thermal softening behaviour, as the impact velocities of 7 
m s
-1 used here is relatively low.  
It  has  been  suggested  that  plastic  ratchetting  extrudes  a  thin  surface  layer  which  is 
subsequently removed as wear debris during erosion  [208]. The repeated particle impact 
produces high contact stresses and if these stresses exceed the elastic limit, plastic flow will 
take place. This leads to strain hardening and promotes shakedown, a condition when the 
steady  state  condition  is  entirely  elastic  [208].  In  contrast,  if  the  impact  stresses  are 
extremely high, plastic ratchetting will occur in the material, where small increments in the 
plastic  strain  accumulate and  cause  extrusion  of  a  layer  of  deformed  material  when  the 
threshold strain is exceeded [208].This concept is similar to the concept of critical strain 
leading  to  material  removal  which  has  also  been  discussed  by  Hutchings  [1]  and 
Sundararajan [11]. The formation of lips and the subsequent removal of lips by fracture 
together with the removal of the surface layers once a critical strain is exceeded is a concept 
that may be relevant to the surface deformation. However, it does not fully explain the 
subsurface deformation such as in Figure 9.14, where extensive crack networks are observed 
together  with  spalling  of  material  on  the  top  surface.  This  suggests  that  some  other 
mechanism is needed to explain this phenomenon. The formation of cracks and subsequent 
removal of material is seen across the sub-surface. Therefore, the nature of crack initiation 
and propagation has to be considered in this case. In section 9.2.1, fatigue crack initiation 
and propagation have been proposed as a wear mechanism. However, in a complex process 
like  erosion-corrosion  where  synergistic  interactions  between  the  mechanical  and 






Figure 9.14 STEM dark-field image of brittle chipping and spalling on the top surface of the 
material. 
 
  Figure 9.15 shows the crack extension from the strained lip into the subsurface. The 
size of the cracks, which ranges from several nanometres up to 2 μm, demonstrates that only 
the material properties at the top surface of the microstructure are severely altered during 
erosion-corrosion.   When solid  particles impact  the surface at  a normal  angle  on  brittle 
surfaces,  the  mechanism  of  crack  formation  differs  between  spherical  contact  (rounded 
particles)  and  point  contact  (angular  particles)  [1].  When  spherical  particles  impact  the 
surface, if contact stresses remain elastic then Hertzian cone cracks are formed. However, if 
plastic deformation takes place then different types of cracks will form.  In contrast, for 
angular particles, the high contact stress at the tip of the particle leads to the formation of 
median vent cracks and lateral vent cracks [1]. Material fracture toughness and hardness are 
the most important properties in determining the erosion resistance of brittle material. In the 
initial stages of erosion-corrosion, material removal occurs through cutting and ploughing 
[1].  For  ductile  material,  however,  once  the  material  surface  has  been  completely  work 
hardened, brittle fracture and crack mechanisms start to play an important role as well. Once 
cracks start forming in the subsurface, the corrosive solution can accelerate wear in two ways 
[210]. The first is by increasing the number of crack initiation sites on the damaged surface 
by localised corrosion, either by stress corrosion cracking or corrosion fatigue. The second 
method is through propagation of micro-cracks by debonding at the crack-tip [210]. Here, 
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the reactive species present at the crack tip promotes the propagation of cracks chemically, 
through the reaction between the reactive species and the bonds at the crack tips. 
 
 
Figure 9.15 STEM dark-field image showing the extruded lip region and the crack 
extending beneath it. 
 
  Selected area diffraction was performed on this sample below the micro-crack region 
in Figure 9.15 and the diffraction pattern is shown in Figure 9.16. Similar to the pure erosion 
studies in Chapter 8, martensite phase was also present in this sample subjected to erosion-
corrosion. This confirmed by the presence of three body centred tetragonal (bct) rings (110), 
(200) and (211) in the austenite structure which should contain only fcc (face centred cubic 
structure).  Martensitic  structures  in  stainless  steel  316L  and  304  have  been  observed  in 
sliding wear studies [151, 211]. As the particle impacts the surface, a large amount of stress 
and  strain  is  imparted  on  the  material.  This  large  strain  caused  by  the  repeated  stress 
imparted by each particle impact gives rise to the dislocation density in the material. This 
large amount of dislocations transforms the strained austenite to martensite. 
Microstructure sheared 
along lip direction 









Figure 9.16  Selected area diffraction pattern showing martensite phase transformation in the 
microstructure. 
 
Figure 9.17 shows fragmented particles being embedded along the crack. EDX analysis 
as shown in Figure 9.18 was performed to confirm the composition of the particle which was 
demonstrated to be silicon oxide. The size of this fragmented particle is about 1 μm which is 
much smaller than the original size of the particle (average size 294 μm). The most important 
observation here was the depth to which the particle had been embedded, which leads to the 
question on the exact mechanism for particle embedment. A second important question is 
whether the formation of the crack was caused by the embedment of particles leading to a 
highly stressed crack initiation point or did the particle fragment move preferentially along 
the direction of the crack after it was formed. As explained earlier, the large micro-crack and 
some of the nano- cracks observed in this work is possibly a result of an eroded lip folded 
after repeated impacts. The initial surface which already contained embedded particles on the 
surface, has now been folded together with the lip, hence the observation of particle being 
embedded to depths of about 4 μm into the subsurface.  This is another important mechanism 
in  which  cracks  appear  deep  into  the  subsurface  of  the  material  along  with  embedded 
particles as plastic deformation over these products could have buried them deep into the 




        




Figure 9.18   TEM EDX analysis confirming silicon oxide particles  
 
Embedded particles during solid particle erosion have also been observed by Ives and 
Ruff [146]. They suggested that once the particle impacts the surface and fragments into 
smaller pieces, subsequent impacts will drive the fragments further into the material. These 
particles become buried into the material after several layers of plastically deformed material 
Particle embedment (Point 
where EDX was taken)  
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are formed over them. They start to form a composite structure of particle with metal and 
have different mechanical properties from the unaffected metal. This composite structure 
would be less ductile, hence more vulnerable to fracture [146].  
 Particle embedment also occurs on the surface of the material as shown in Figure 9.19. 
The particle fragments observed here on the surface were all less than 1 μm in size consistent 
with what is found on the subsurface. They are scattered across the surface of the material. It 
can therefore be confirmed that when the particle impacts the surface, a very small fragment 
of the particle can break off and become embedded into the surface of the material. Two 
scenarios  are  possible  here  depending  on  the  kinetic  energy  of  impact  and  the  surface 
condition during impact. In the first scenario, the particle would fragment and the tip will be 
embedded deep into the material during initial impact at high kinetic energies. In the second 
scenario,  the  particle  without  sufficient  kinetic  energy  would  not  fragment  upon  initial 
impact as it will just scratch the surface. However, if it still remains on the surface, it would 
be fragmented and embedded into the material by subsequent repeated impacts. In slurry 
erosion-corrosion, the majority of the fragmented particles in the second scenario will be 
washed away by the slurry. Extremely fine particle fragments which fail to embed in the 
material will become trapped in the liquid squeeze film or sub-viscous boundary layer [22]. 
These  particles  will  accumulate  near  the  surface  and  form  a  sliding  bed,  as  they  have 
insufficient kinetic energy to rebound from the surface and escape the liquid squeeze film 
[22]. This increases the possibility of particle embedment of fine and fragmented particles.  
Repeated impacts lead to the movement of the particle into the subsurface. These particles 
start forming voids around the material as they are impacted into the subsurface creating a 
highly stressed region, and it is this that leads to crack initiation in the material.  





Figure 9.19   Secondary electron image of particles embedded on the surface of the material. 
 
   Figure 9.20 and Figure 9.21 show fragments of oxide film mechanically mixed in the 
subsurface of the material. This feature is observed very close to the surface, at a depth of 
around 100 nm from the surface and the lip. The oxide film is seen to be flowing into the 
subsurface forming a mechanically mixed layer with particles and the steel specimen before 
it reaches its final embedment point. In both images, Figure 9.20 and Figure 9.21 on the 
surface and lip, the material appears to be in several locations, following the particle impact 
direction.  EDX  analysis  was  performed  as  shown  in  Figure  9.22  and  this  material  was 
confirmed to be chromium oxide. This suggests that the corrosion resistant oxide film is 
fractured during particle impact and becomes mechanically mixed into the subsurface.    
  
 








Figure 9.21 STEM dark-field image of the oxide film embedment and nano-cracks on the 
lips 
Nano-cracks on lips 
Oxide film embedment 
Oxide film embedment (Point 
where EDX was taken)  
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Figure 9.22 EDX analysis to confirm the composition of the chromium oxide film  
 
  It  has  been  measured  that  the  stress  required  to  fracture  the  passive  film  of  304 
stainless steel in 0.1 M H2SO4 is about 1.6 GPa [212]. The data for 304 is taken as it is the 
closest  material to  316 in  which  this  data is  available. The contact  stress  calculated  for 
particle  impact  using  dynamic  Hertzian  analysis  for  the  given  test  conditions  is 
approximately 1.82 GPa, which exceeds the stress required to fracture the oxide film [160]. 
At this stress, the yield strength of the material will be exceeded and significant plastic 
deformation will occur on the material. The passive film will crack and fracture due  to 
repeated tensile and compressive loading per particle impact. This process will continue as 
long as the material depassivates and repassivates after repeated impacts. Once this oxide 
film is ruptured, corrosion is accelerated as there is no protective film to prevent the mass 
transfer to the surface [39]. The particle impact which leads to metal heterogeneities also 
promotes localised corrosion by the formation of microgalvanic sites [213]. The fracture of 
oxide film and subsequent embedment into the subsurface further creates favourable paths 
for anodic dissolution. This embedment of the oxide film in the material also acts as a stress 
concentrated region which favours crack initiation that accelerates corrosion further.  
  Figure  9.23  shows  the  effect  of  oxide  film  flow  which  subsequently  becomes 
mechanically  mixed  into  the  material.  These  images  provide  some  explanation  on  what 
happens to the oxide film once it fractures due to particle impact. Once this hard and brittle 
oxide film fractures, it can either be washed away by the slurry or be embedded into the 
material. Repeated particle impacts will push the oxide film into the subsurface causing 
small  fragments  of  material  on  the  surface  to  chip  away.  The  removal  of  these  small 
delaminated materials which has a size in the nanometre range is shown in Figure 9.23. 
Judging from the size of the oxide film which is observed to be mechanically mixed in the 
material,  it  is  believed  that  only  the  fractured  oxide  film  becomes  embedded  into  the  
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material. The size of this oxide fragments are between 10 and 50 nm, which is generally 
smaller than the sand particle fragments on the material. 
 
   
Figure 9.23 STEM dark-field image showing fragmented oxide film being embedded into 
the subsurface 
 
9.2.3  Development  of  a  physical  model  for  erosion-corrosion  mechanisms  of  UNS 
S31603 
 
  From the FIB and TEM analysis performed in this work, a better understanding of the 
complex behaviour that is observed during erosion-corrosion is obtained. As the particles 
start impacting the surface, the surface of the material becomes heavily strained and lips are 
formed [1]. It is estimated that each impact site would undergo an average of 4.74 x 10
7 
impacts/hr.cm
2 in the total test duration of 1 hour. On the subsurface, the continuous impacts 
on  the  specimen  lead  to  work  hardening  and  grain  refinement  due  to  the  increase  in 
dislocation density and the subsequent reduction in dislocation mobility [91]. The material 
hardness  reaches  a  point  where  it  starts  to  exhibit  brittle  behaviour.  The  increase  in 
dislocation density due to the large amount of stress and strain imparted by the particle also 
promotes strain induced martensitic phase transformation in the metal. In addition, during 
erosion-corrosion, the particles that impact the surface start fragmenting. These fragments 
are vulnerable to being pushed into the material subsurface with repeated impacts or folding 
of lips to form stress concentrated regions in the material. The result of this repeated stress 
and strain imparted on the material due to particle impact at high strain rates causes fatigue 
cracks to form on the top surface of the material [204]. This is proposed as the primary mode 
Fragmented oxide film 
flowing into subsurface 
Delaminated material 
Oxide film  
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of crack generation in the material during solid particle erosion after prolonged periods. The 
initiation of cracks occurs at the highly stressed and strained region beneath the lips and 
craters, in particular the regions where the particle has embedded into the material. As the 
particles  continue  impacting  the  surface,  crack  starts  propagating  and  terminates  once it 
reaches a point where the deformed layer has lower strains and not severely work hardened 
[205].  
 Besides  these  mechanical  factors,  thermal  stresses  and  corrosion  also  accelerate  the 
fatigue  cracking  [91].  The  corrosive  environment  shortens  the  fatigue  life  after  crack 
initiates, when the corrosive species reacts at the crack tip causing chemical debonding and 
propagates the cracks [210]. It can also promote the number of crack nucleation sites through 
localised corrosion. The rupturing of the oxide film (depassivation) during particle impact 
accelerates corrosion as there is no protective film to prevent mass transfer to the surface 
[39].  However, this will be dependent on the rate of depassivation and repassivation. The 
ruptured oxide film is also susceptible to being embedded into the material, hence causing 
further cracking and delamination on the surface of the material. The corrosive environment 
plays  an  important  role  in  crack  propagation,  as it creates  a  favourable  path for  anodic 
reactions and localised corrosion.   
  Folding  of  lips  along  with  the  embedded  particles  has  also  been  proposed  as  an 
important  mechanism  for  crack  formation  on  the  subsurface  of  the  material.  Particle 
embedment due to the silicon oxide sand particles and chromium oxide film together with 
the martensitic phase tranformation creates a composite structure between the metal and 
these nano and micro fragmented particles [146]. The formation of this structure is enhanced 
as plastic deformation and multiple layers of lips are formed over these fragments. This 
composite structure may have material and corrosion properties which is distinctly different 
from the bulk UNS S31603 material. However, more work needs to be done to investigate 
these material properties along with the effect of varying test parameters such as velocity, 
sand size and sand concentration on this proposed physical model. The coalescing of cracks 
and subsequent material spalling contributes to the synergistic interaction, as they enhance 
material loss during erosion-corrosion. This synergistic interaction occurs in addition to the 
main  mass  loss  modes due  to  erosion,  which is through  lip extrusion  and removal,  and 
corrosion, which is essentially through electrochemical reaction with the environment. The 
physical models describing the mechanisms and microstructural changes that occur during 
erosion-corrosion are shown in Figure 9.24. 
 










1 1.As the particle impacts the material, lips and craters are 
formed on the surface [1]. Particle starts fragmenting after 
repeated impacts on the surface. 
 
2. The particle impact ruptures the oxide film, and this 
accelerates the corrosion process. The rate of oxide film 
growth is controlled by the rate of material depassivation -
repassivation 
 
3. The repeated impacts on the surface may cause embedment 
of the particle and the oxide film into the material. The 
folding of multiple lips after numerous impacts may also 
enhance this process. 







 4. Continuous particle impacts on the surface cause material 
work hardening and grain refinement which lead to the 
increase in strength and hardness of the material [91]. The 
depth of the nanocrystalline layer beneath the surface would 
increase with increasing time duration. 
 
  5. After a certain point, the top surface of the material starts 





6. Material also undergoes significant amount of straining 
which promotes martensitic phase transformation in the metal. 
 
 
7.  A composite structure consisting silicon oxide sand 
particles and chromium oxide film together with the 
martensitic phase structure is created between the metal and 







8. The combination of all these factors and the repeated stress 
and strain imparted on the material due to impact, leads to 
fatigue crack formation on the top surface of the material.  
 
9. Folding of lips along with the embedded particles has also 
been proposed as an important mechanism for crack 
formation on the subsurface of the material.  
 
10.  The corrosive environment shortens the fatigue life after 
the crack initiates, when corrosive species reacts at the crack 
tip causing chemical debonding and propagates the cracks 
[210]. The cracks also create a favourable path for anodic 
reactions and localised corrosion. 
 
Figure 9.24 Physical model describing the mechanisms and microstructural changes on the 






9.3  Conclusions 
 
In this chapter, the microstructural changes of UNS S31603 during solid particle erosion-
corrosion have been studied in detail using FIB and TEM. The following conclusions can be 
drawn from this chapter: 
 
1.   Extensive network of cracks were observed near the top surface of the material. The 
brittle behaviour on the near surface microstructure is caused by a combination of 
work hardening and grain refinement, where both increase the strength as well as the 
hardness of the material.  
2.  EDX  analysis  showed  there  were  traces  of  silicon  oxide  fragmented  particles 
embedded  in  the  material.  When  the  particle  impacts  the  surface,  a  very  small 
fragment of the particle breaks off onto the surface of the material. These repeated 
impacts lead to the movement of the particle into the subsurface. Particles can also be 
embedded into the subsurface by folding of lips.  
 
3.  Fatigue cracking is believed to occur on the material by crack initiation at highly 
stressed regions where the particle has embedded into the material. As the particles 
continue impacting the surface while imparting stress on this region, the crack starts 
to propagate. Corrosive fluid also accelerates fatigue cracks. 
 
4.  A change in microstructure confirmed to be martensite is observed in the subsurface 
of the material.  
5.    Fragmented chromium oxide material has also been observed to be embedded into 
the  subsurface  of  the  material.  The  fracture  of  the  oxide  film  and  subsequent 
embedment  into  the  subsurface  further  creates  favourable  paths  for  anodic 
dissolution. 
6.   Folding  of  lips  along  with  the  embedded  particles  has  also  been  proposed  as  an 
important  mechanism  for  crack  formation  on  the  subsurface  of  the  material.  A 
composite structure consisting silicon oxide sand particles and chromium oxide film 
along  with  the  martensitic  structure  is  formed.  The formation  of  this  structure  is 
enhanced as plastic deformation and multiple layers of lips are formed over these 
fragments, similar to the concept suggested by Ives and Ruff [146].   
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7.   Crack initiation and propagation due to the mechanical and electrochemical processes 
enhances  the  material  mass  loss  during  erosion-corrosion  as  the  crack  networks 
coalesce and subsequently cause material spalling.  
 
8.  It is proposed that this corrosion enhanced erosion synergy mechanism occurs along 
with the main synergy mechanism for a passive metal such as UNS S31603, which is 
accelerated corrosion due to the continuous removal of the oxide film by particle 
























10  Overview  and  Discussion  on  the  Erosion-Corrosion  Mechanisms  of  UNS 
S31603 
 
10.1  Introduction 
  The  semi  empirical  model  developed  by  Harvey  et  al.  [157]  was  evaluated  for 
stainless steel UNS S31603. This model is based on dynamic Hertzian contact mechanics to 
model the damage during particle impact and accommodates the effect of erodent deforming 
the  surface  and  oxide  film,  leading  to  an  increased  corrosion  activity.  The  model  was 
evaluated in 2 corrosive solutions namely 0.3 M HCl and 3.5% NaCl and the extent of 
synergy predicted ranged from 15% to 65%. The high level of synergy predicted implies that 
besides the depassivation on the material and the rise in current due to surface deformation, 
there are other synergistic mechanism(s) present which have not been accounted for by the 
model.  To  obtain  a  complete  understanding  of  the  exact  mechanisms  and  synergistic 
interactions, a detailed investigation has been performed on the erosion-corrosion resistance 
of a passive metal i.e UNS S31603. This material was chosen as it is a corrosion resistant 
material commonly used in many engineering applications. Based on the evaluation of the 
model in Chapter 4 and literature review performed, several limitations of the model were 
highlighted including: 
 
1.   A  systematic  understanding  on  the  dominance  of  key  variables  and interactions 
between  the  parameters  affecting  erosion-corrosion  and  synergy  has  not  been 
established. 
 
2.  Correlation  between  corrosion  current  and  charge  response  between  single  and 
multiple particle impacts has not been fully developed. 
 
3.   Evolution  of  the  material  surface  and  subsurface  along  with  the  microstructural 
changes during erosion-corrosion has not been thoroughly investigated.   
 
   These findings formed the basis for the experimental work and the main aim of this 
work was to address these gaps. The work from Chapters 4 to 9 elucidated several factors 
including the main parameters, interactions and sub-surface microstructural changes during 
erosion-corrosion.  A  multi-disciplinary  approach  encompassing  gravimetric  wear  studies, 
statistical interaction studies, electrochemical studies and in-depth materials and microscopy 
studies has been performed to obtain an integrated understanding of erosion-corrosion.  
   This chapter aims to link all these studies together and discuss the erosion-corrosion 
and synergistic mechanisms of UNS S31603. It highlights the major findings from each  
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chapter and discusses the overall wear process from an environmental, electrochemical and 
materials perspective which is summarised in Figure 10.1.  The physical model developed 
based on the subsurface damage during the short duration erosion-corrosion experiment, is 
compared  with  the  physical  models  from  the  1  hour  erosion  and  erosion-corrosion 
experiments. The presence of fatigue cracking and subsequent spalling in this work was 
identified as a key synergistic mechanism that needs to be accounted for in erosion-corrosion 
modelling. This chapter also highlights some of the constraints that have to be addressed 




Single particle Sand concentration Sand size Velocity
Electrochemistry Materials Environmental
Temperature Sub-surface wear Surface wear Multiple particle  
 
Figure 10.1  An overview of the main thrusts and approaches taken in this thesis to develop 




10.2  Environmental factors 
10.2.1  Factors influencing erosion-corrosion and synergy rates 
 
   In  this  work,  4  critical  factors  namely  velocity,  sand  concentration, sand  size  and 
temperature  have  been  studied  through  a  comprehensive  full  factorial  investigation.  The 
individual  erosion,  corrosion,  erosion-corrosion  and  synergy  rates  have  been  quantified 
through  gravimetric  studies.  The  interactions  between  the  test  parameters  acting 
simultaneously  to  produce  synergistic  effects  have  been  decoupled  through  the  aid  of 
contour maps and statistical methods.   
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  From statistical studies it was found that velocity plays the most important role in 
influencing erosion-corrosion, followed by sand concentration, temperature and sand size. 
Other researchers have also found velocity to be the most dominant factor during erosion-
corrosion due to the increase in the kinetic energy of the particle which ruptures the passive 
film  and  deforms  the  surface  [65,66].  The  second  most  important  factor  that  influences 
erosion-corrosion  is  sand  concentration,  where  the  increase  in  number  of  particles  will 
increase the depassivation rate and the material removal rate on the surface. The effect of 
sand size and temperature were also studied. However, their influence was found to be less 
significant compared to velocity and sand concentration.  
  It should be noted however, that another important factor which influences erosion-
corrosion and was not used as a variable in this study was impact angle. This is due to the 
nature of the test rig which produces impacts at multiple angles on the cylindrical sample 
surface.  However,  the  wear  rate  with  respect  to  the  impact  angle  on  the  material  was 
analysed using a roundness profile on the cylindrical sample and the maximum wear rate 
was found to be between the impact angles of 30° and 50°. This is consistent with results 
from Clark and Hartwich [22] who predicted maximum wear at acute angles for ductile 
material corresponding to cutting wear mechanism. The effect of pH was also found to play 
an important role in erosion-corrosion as the corrosion rates were much higher in 0.3 M HCl 
than in 3.5% NaCl.  This is because based on the Pourbaix diagram, an acidic solution starts 
corroding iron based metals actively at a low pH [39]. The increase in oxygen concentration 
can also increase erosion-corrosion. However, the dominance of this parameter with respect 
to other environmental factors would require further investigation [49]. In summary, from 
this work, velocity, erodent concentration and impact angle are the three most important 
environmental factors that have to be taken into account in erosion-corrosion modelling.   
 
10.2.2  Factors influencing wear scar morphology 
 
  This increase in kinetic energy would cause larger depassivated areas and wear scars, 
hence  would  accelerate  the  erosion-corrosion  rates.  The  average  kinetic  energy  of  the 
individual particle in this work is between 0.44 and 1.44 μJ for velocities between 5 and 9 m 
s
-1. Particles with higher velocity, hence larger kinetic energy, would cut deeper into the 
surface  and  produce  more  prominent  lips.  The  increase  in  velocity  also  causes  higher 
frequency of impacts for a given sand concentration, increasing material removal during 
each impact.    
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  An increase in sand concentration increases the number of particles impacting  the 
passive film and surface. It is estimated that there would be between 2 x10
5 and
 1 x 10
6 
particle impacts per second for an increase in sand concentration from 1 wt.% to 5 wt.%. 
This increase would lead to a higher density of impact craters and lips formed on the surface. 
However, it was found that the increase in velocity from 5 to 9 m s
-1, calculated to produce 
between 1.7 x10
5 and
 2.4 x 10
5 particle impacts per second, showed higher erosion-corrosion 
rates compared to an increase in sand concentration from 1 wt.% to 5 wt.%. This indicates 
that  the  increase  in  velocity  leads  to  a  higher  efficiency  of  material  removal,  while  the 
increase in number of particles may lead to particle-particle interaction, which reduces the 
efficiency of depassivation and material removal [25].  
  Increasing sand size was found to produce larger and deeper impact craters on the 
material  surface,  compared  to  fine  sand  particles  which  produce  smaller  and  shallower 
impact craters. This is attributed to the individual kinetic energy of the particle, where larger 
particles have a higher mass, hence a higher kinetic energy to form large impact craters. 
However, the higher number of particles for a given sand concentration for smaller particles 
leads to a higher frequency of impact. Using a simple analysis, assuming the impacting 
erodent is spherical, the kinetic energy of the particle can be calculated by replacing the mass 






p k v r
3
2
E      (10.1) 
where  p r  is the particle radius,  p   is the particle density and v is the free stream velocity. 
From this equation, it is observed that in theory the particle size, 
3
p r  ,should dominate over 
velocity, 
2 v .  However,  given  the  complexities  explained  above  and  also  the  fact  that 
extremely fine particle fragments may become trapped in the liquid squeeze film or sub-
viscous boundary layer [22], this analysis may not always hold. It should also be noted that a 
velocity exponent of 2.8 is obtained in this work which is higher than the assumed exponent 
value of 2. This may partially explain the dominance of velocity. 
  The increase in temperature on the other hand, accelerates the corrosion enhanced 
erosion process by localised corrosion, initiating cracks at the root of the flakes/lips which 
propagates with successive particle impacts, making the flakes vulnerable to detachment 
[54].  It  can  be  concluded  here,  that  the  velocity  is  again  the  dominant  parameter  in 
influencing the wear scar morphology. This is consistent with the gravimetric results where 
velocity  was  found  to  be  the  dominant  factor.  The  influence  of  the  environmental  test 
parameters  on  the  wear  scar  morphology  is  summarised  in  Table  10.1. 
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Table 10.1  Summary of the influence of environmental parameters on the wear scar morphology 





(a)  5 m s
-1 
 
(b)  7 m s
-1 
 
(c)  9 m s
-1 
Increase in  kinetic energy of the particle 
increases the depth of the crater, length of 







deeper crater and 









(a)  1 wt.%  
 
(b) 3 wt.%  
 
(c) 5 wt.%  
Increase  in  sand  concentration  increases 
the  number  of  particles  impacting  the 
passive film and surface. Increasing sand 
concentration would lead to a high density 










Shallow impact craters 
Deep impact craters with 
prominent lips 
Low density of impact craters 





(a) 106 μm 
 
(b) 294 μm 
 
(c) 665 μm 
The increase in sand size produces larger 
impact  craters  compared  to  fine  sand 
particles  which  produce  smaller  impact 
craters. There will also be more impacts on 
the surface for smaller particles as there is 
a  higher  amount  of  particles  for    given 
sand concentration for smaller particles 
Fine particles produce smaller impact 
craters . For a given sand concentration , 
there will also be more impacts on the 
surface for smaller particles as there is a 
higher amount of particles.
Lips
craters
The increase in particle 






(a) 40 °C 
 
(b) 60 °C 
  Increase  in  temperature  accelerates 
corrosion  enhanced  erosion  process  by 
localised corrosion that initiates cracks at 
the root of the flakes/lips [54].  
Increase in temperature 
accelerates corrosion 
enhanced erosion process 
by initiating cracks at the 
root of the flakes/lips
Lips
craters Cracking 




   
 
Small impact craters with 
higher number of impacts 
Large impact craters with 
lower number of impacts 
Smaller  and  less  cracked 
flakes on the surface  
Larger  and  more  cracked 
flakes on the surface   
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10.3  Electrochemical factors 
10.3.1  Total charge consumed and repassivation time for single and multiple particle 
impact experiments 
 
  The effects of velocity, sand concentration and sand size have been analysed in detail 
in Chapter 5, where each of these parameters has been found to influence the corrosion 
current through the erosion enhanced corrosion effect. In this section, comparisons would be 
made on the difference in repassivation time and the amount of charge consumed between 
the single and multiple particle impact experiments.  
  Figure 10.2 and Figure 10.3 show the graph of repassivation time and total charge 
consumed during single and multiple particle impact experiments. As the test velocities were 
increased from 5 to 9 m s
-1 the amount of charge consumed was calculated to be between 
0.45 and 1.56 μC for the single particle impact experiments, and from 18 to 22.5 mC for the 
multiple particle impact experiments. The increase in the amount of charge consumed with 
velocity is due to the larger kinetic energy of the particles impacting the surface as described 
in Chapter 5. However, the large increase in the amount of charge consumed for multiple 
particle  impact  experiments  is  mainly  due  to  the  larger  depassivated  area  and  higher 
depassivation frequency. It is estimated that there would be an estimated 2.07 x10
5 particle 
impacts per second for the given velocity and sand concentration.  Assuming each particle 
impact depassivates a contact area of 500 μm
2 (from dynamic Hertzian theory), the total 
depassivated area per second would be 1.04 cm
2 s
-1. The total charge consumed due to the 
multiple particle impact events was found to be lower than the accumulation of charge due to 
individual single particle impacts i.e.      particles   of   Number      Q   <    Q particle   single particle   multiple  . This 
could be  due  to  overlapping  impacts, particle-particle interaction, ratio of the anodic to 
cathodic area on the sample and deviation of particles from the surface without impacting the 
material [173]. 
   The graphs in Figure 10.2 and Figure 10.3 also show that for the given velocities, the 
repassivation time for the single particle impact experiments were between 0.018 and 0.038 
s, while the repassivation time for the multiple particle impact experiments were between 1.6 
and 3.2 s. This corresponds to an increase of almost 90 times for the multiple particle impact. 
This is mainly due to the larger depassivated area during multiple particle impact which may 
not all repassivate immediately. When the experiment is stopped, some particles may still be 
impacting the surface due to the fluid movement and will only come to a complete halt after 
a short period. This might also be another explanation for the longer repassivation times as 
some  impact  craters  may  still  be  electrochemically  active  (due  to  potential  difference  
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between the impact craters) before complete repassivation of the whole surface [45]. Landolt 
[45] suggested that the total anodic current Ia for a sliding contact would be dependent on the 
charge per unit area required to repassivate the metal, Qp,( C m
-2) and the rate of generation 
of depassivated surface due to rubbing, Rdep, (m
2 s
-1). 
Ia = Qp Rdep  (10. 2) 
 
  As can been seen here, the critical depassivation factor in assessing the corrosion 
current is Rdep, (m
2  s
-1) which is a function of the rate of generation of depassivated surface 
due to particle impact, and Ia  which is the anodic current generated during particle impact.  
This implies that both the velocity, hence kinetic energy (larger depassivated area) and the 
number of particles (higher depassivation frequency) are key parameters in determining the 
depassivation and repassivation rate and hence the erosion enhanced corrosion synergy.  Qp 
is then related to the repassivation time as the longer repassivation time would mean larger 
total amount of charge consumed. Besides these factors, the total anodic current is also 
related to the impact angle as observed by Burstein and Sasaki [170]. The impact angle will 
determine the size of the impact scar as at oblique impact angles, the particle will tend to cut 
into the surface and indentation occurs at normal impact angles [171]. In summary, the total 
anodic  current  during  erosion-corrosion  is  a  function  of  the  charge  consumed  (hence 
repassivation time), the kinetic energy of the particle, the total number of particles impacting 
the surface and the impact angle (    , N , KE Q f I p, a  ). 
  Velocity  (m s
-1)











































Figure 10.2 Graph of  total charge and repassivation time versus velocity for single particle 












































 Repassivation time 
 
Figure 10.3 Graph of  total charge and repassivation time versus velocity for multiple 
particle impact experiments 
 
10.3.2  Mechanisms of erosion enhanced corrosion during solid particle impact on UNS 
S31603 
 
  When a particle impacts the surface at low kinetic energies, the particle may not have 
sufficient energy to deform the passive film and the surface, making it a predominantly 
elastic contact. However, it can cause dislocation on the metal surface [216].  When the 
particle impacts the surface with sufficient kinetic energy, there will be larger dislocation of 
the metal which causes deformation and/or rupture of the passive film. There may also be 
rupture  of  the  film  beyond  the  impact  scar,  where  plastic  deformation  or  straining  has 
occurred. The affected area may actually be larger than the impact scar or constrained region 
under the impact site but also includes the surrounding region of the scar. This will expose 
the bare metal surface which would be the preferred site for anodic dissolution. Figure 10.4 
shows a schematic of this model [216]. 
  It  has  been  explained  that  when  iron  metal  is  exposed  to  oxygen,  the  electrons 
generated  during  the  anodic  reaction  on  the  metal  would  be  consumed  by  the  oxygen 
reduction process according to the following equations: [45].  
Anodic reaction (Oxidation reaction) 
    e 2 Fe Fe
2
  
(10. 3)  
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Cathodic reaction (Reduction reaction)  
-
2 2 4OH   4 O H 2 O   
 e     (10. 4) 
  However,  when  solid  particles  impact  the  surface,  this  process  does  not  occur 
uniformly across the surface. This is because the anodic reaction will occur predominantly 
on the impacted area, while the cathodic reaction will occur on the uneroded surface [45]. A 
corrosion cell then forms between the eroded and uneroded surface. This leads to a lower 
local  corrosion  potential  in  the  eroded  area,  causing  galvanic  current  flow  between  the 
deformed and undeformed surface [45]. The formation of this microgalvanic cell and passive 
film rupture contributes to the erosion enhanced corrosion synergistic effect. In this case, the 
corrosion rate will be dependent on the repassivation rate of the material. The accelerated 
corrosion rate due to these two factors has been verified through a series of electrochemical 
experiments  in  this  work,  confirming  that  indeed  these  are  the  dominant  synergistic 
mechanisms in UNS S31603.  
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Larger dislocation from particle with 
high kinetic energy will  cause 













Metal dissolution occurs 
on this newly formed 
anodic site. This 






Figure 10.4 Model for passive film rupture and exposure of bare metal surface which lead to 




10.4  Material factors 
10.4.1   Evolution of surface and sub-surface wear of UNS S31603 
 
   Hutchings [1] was one of the pioneers in the studies of solid particle erosion using 
high speed photography, which has given some fundamental understanding on the erosion 
mechanisms on the surface during single particle impact. The characterisation of the three 
main material removal mechanisms for acute angles i.e ploughing, type I cutting and type II 
cutting are widely accepted by researchers in this field.  However, systematic understanding 
has  not  been  developed  on  the  exact  mechanisms  during  multiple  particle  impact.  This 
section describes the evolution of surface and sub-surface wear and correlates these features 
to provide a better understanding of erosion-corrosion mechanisms.  
  Figure 10.5 shows the trend of mass loss rate versus increasing time duration from 5 
minutes to 2 hours which has been shown in Figure 7.20 and described in detail in Section 
7.5. The graph is divided into 2 main regions namely the acceleration period between 5 and 
20 minutes where the slope of the graph increases linearly and the second region where 
steady state (plateau) is reached from 30 minutes onwards. This is similar to trends observed 
by Rao and Buckley [197].  Table 10.2 summarises and links the surface and subsurface 


































Figure 10.5  Erosion-corrosion rate over time as observed in Section 7.5  
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Table 10.2  The evolution of surface and subsurface wear of  UNS S31603 
Factor  Surface mechanism  Surface SEM image   Sub-surface mechanism  Sub-surface FIB image 
Formation 
of lip 
Lips  are  formed  on  the 
material as a result of cutting 
type  I,  II  and  ploughing 
mechanisms  at  acute  angles 
as  described  by  Hutchings 
[1].  These  highly  strained 
lips are  vulnerable to being 
removed  by  subsequent 
impacts. 
 
Bulk  grains  are  deformed  into 
smaller  sub-grains.  Also  the 
nanocrystalline  region  in  the 
immediate vicinity of the impact 
crater  appears  to  have  been 
deformed slightly to the shape of 
the  impact  crater.  Twins  also 




Depth  of  nanocrystalline  layer  ≈  250  nm  on  the 




Crater formation is the result 
of  ploughing  and  cutting 
mechanisms  where  the 
material  is  displaced  to  the 
exit end or to the side of the 
material.  In  this  image  the 
impacted  crater  also  has 
traces of the material debris. 
These  wear  debris  along 
with  the  lips  are  the  main 
mode  of  wear  loss 
mechanism  during  erosion 







Deformed bulk grains 







After the first impact, if the 
subsequent  particles  impact 
the fresh uneroded area, then 
similar cutting type I, II and 
ploughing  mechanisms  are 













Grains are shaped in the form of 
the  impacted  crater  due  to  the 
multiple  high  strain  rate 
overlapping impacts. There is also 
a slight increase in the thickness 














After the first impact, if the 
particle  impacts  the  same 
crater  or  if  the  impact 
overlaps  the  initial  crater, 
then a less effective material 
removal  occurs.  When  this 
happens,  the  particle  just 
cuts deeper into the surface, 
producing  smaller  lips  and 
smaller  craters  surrounding 






Lips and craters are formed 
initially  causing  heating  to 
occur below the surface area 
with the formation of a work 
hardened  zone  [5,  6].  Tiny 
microgalvanic  sites  are 
formed  between  the  eroded 
and uneroded surface which 
accelerates corrosion [107]. 
 
The  thickness  of  the 
nanocrystalline  layer  also 
increases  further  due  to  grain 
refinement  and  work  hardening 
on the surface. A second region of 
micrograins also starts to develop 
on the subsurface 
 
Depth of nanocrystalline layer ≈ 800 nm 
Generation of multiple lips and craters 
 Formation of micro- grains 
Crater 
Overlapping impact 
Grains deformed to the shape of crater and 
increase in thickness of nanocrystalline layer 







After 10 minutes, the whole 
surface is covered with lips 
and  craters.  Steady  state 
erosion  begins  when  the 
surface  is  covered  with 
craters and lips, and after the 
work  hardened  zone  has 
reached  its  stable  hardness 
and thickness.  In this stage, 
the  lips  are  vulnerable  to 
being  knocked  off  by 
subsequent impacts [5, 6]. 
 
The  thickness  of  the 
nanocrystalline  layer  does  not 
vary much after 10 minutes as the 
top  surface  is  completely  work 
hardened. The thickness, size and 
number of the micro-grains in this 
second  layer  start  to  develop  at 
this point.  
 





A  second  layer  of  lips  is 
formed  after  20  minutes. 
This  would  mean  that  the 
possibility of lip removal per 
impact  might  increase. 
However,  the  efficiency  of 
particle impact might also be 
reduced due to rough uneven 
surface  which  absorbs  the 
particle  impact  energy.  The 
mass  transfer  coefficient 
also  increases  due  to 
roughening  of  the  surface, 
leading  to  an  increased 
electrochemical  activity, 
allowing localised corrosion 
to take place [67]. 
 
The  third  region  of  bulk  grains 
which  exists  below  the  micro-
grain  layer  starts  to  deform  to 
smaller  sub-grains  corresponding 
to  the  formation  of  the  second 
layer of lips.  As the top surface 
layer  becomes  work  hardenened, 
load  is  transmitted  to  the  bulk 
grains.  Initially  this  load 
transmission  leads  to  the 
formation  of  micro-grains  and 
after  a  certain  threshold  period 
deformation  of  bulk  grains  will 
occur. 
 
Depth of nanocrystalline layer ≈ 1  to 1.2 μm 
Surface  completely  eroded  with  1 
layer of lips and craters 
Reduction in bulk grain size 
 
Formation  of  second 






after 1 hour 
After 1 hour of erosion, the 
sample  surface  is  covered 
with  several  layers  of  lips 
and  craters.  The  generation 
of  these  layers  is  primarily 
controlled  by  the  kinetic 
energy  during  impact  and 
the  number  of  particles 
impacting the surface. If the 
lips  are  not  removed  by 
impacts,  they  will  be 
flattened  by  subsequent 
impacts  to  form  laminates. 
Further  generation  of  lips 
will cause a layered structure 
to be formed with each layer 
consisting  of  flattened  lips 
[185]. 
 
The  repeated  impact  on  the 
surface  after  1  hour  causes 
significant  grain  refinement  and 
work  hardening  of  the  material. 
After a certain point, the material 
starts to exhibit brittle behaviour 
and  fatigue  cracks  are  observed 
on the material. The generation of 
fatigue  cracks  also  leads  to 
localised corrosion. The  multiple 
layer of lips  formed also can be 
folded  with  repeated  impacts. 
These  folded  lips  can  be  later 
buried  over  the  laminated  lip 
structure [146]. 
 






Surface  completely  eroded  with 
several layers of lips and craters 
Grain refinement  
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10.4.2   Surface and sub-surface wear mechanisms during erosion and erosion-corrosion 
 
  Ives and Ruff [146,147] as well as Edington, Wright and Brown [149,150] are some of 
the early researchers who have utilised TEM to develop an understanding of  pure erosion 
mechanisms.  However,  there  has  been  a  large  gap  since  these  early  researchers  in  the 
application of TEM to perform in-depth investigation on erosion and in particular, limited 
studies have been performed for erosion-corrosion. FIB and TEM have been utilised in this 
work to investigate the mechanisms and microstructural changes that arise during erosion-
corrosion. FIB has allowed the exact location of interest below the eroded lips and craters to 
be studied, and to mill site specific TEM lamellas to perform high resolution TEM analysis 
on the worn surface.  
    The results from FIB and TEM studies have been presented in Chapters 7 to 9. In this 
section, a comparison is made on differences between the sample that has undergone pure 
erosion and another which has undergone erosion-corrosion as shown in Table 10.3. It is 
observed that a thin nanocrystalline layer is already present in the material with a thickness 
of 200 nm due to sample polishing before testing. The thickness of this layer grows during 1 
hour of erosion and erosion-corrosion to about 2 μm. This is believed to be due to grain 
refinement as a result of severe plastic deformation that occurs during the high strain particle 
impact on the surface. [195]. The high strain, strain rates and repeated deformation, lead to 
active slip systems and high dislocation density generation [91].  This causes refinement of 
grains  into  smaller  subgrains  [186].  Nanocrystalline  grains  also  are  thought  to  lower 
corrosion rates as the anodic dissolution is hindered in a nanocrystalline structure [187,214]. 
This is because the compact grain structure makes it more difficult for anodic dissolution to 
occur on the material as compared to coarse grained materials. 
   When the particle impacts the surface, a small fragment of the particle breaks off 
and becomes embedded into the material. Higher particle embedment was observed in the 
material that has undergone erosion-corrosion as compared to the pure erosion sample. One 
possible explanation for this is due to the generation of localised surface plasticity on the 
surface  caused  by  the  anodic  vacancy  generation  [215].  These  vacancies  are  generated 
during anodic dissolution and may alter the surface plasticity and ductility by weakening the 
lattice and inter-atomic bonds in the material [215]. However, it should be noted that this 
generation of plasticity on the top surface is minor compared to the work hardening which 
increases the strength of the metal. The second possible explanation is that the particles that 
fragment  upon  impact  during  erosion-corrosion  are  not  washed  away  by  the  slurry  and 
become  trapped  between  the  oxide  film  during  the  continuous  depassivation  and  
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repassivation process. Extremely fine particle fragments which fail to embed in the material 
will  become  trapped  in  the  liquid  squeeze  film  or  sub-viscous  boundary  layer  [22]. 
Subsequent particle impacts cause the oxide film along with the particles to be impacted 
deep  into  the  material,  hence  the  observation  of  oxide  and  particle  embedment  in  the 
subsurface  during  erosion-corrosion  after  1  hour.  This  mechanically  mixed  layer  and 
embedded particles act as stress raisers which accelerate crack formation.  The size of these 
embedded particles is about 1 to 2 μm and they weigh a few nanograms each. Therefore, this 
would not contribute significantly to weight gain in the material. 
  It has been shown that there were no cracks formed on the uneroded surface up to 20 
minutes when erosion-corrosion evolution tests were performed. However, a high density of 
cracks was seen on the erosion-corrosion sample after 1 hour compared to the pure erosion 
sample. Three critical points from this observation are that: 
 
1.  Cracks start forming at some point between 20 minutes and 1 hour (time dependent) 
2.  Cracks form due to solid particle erosion (mechanical impact dependent) 
3.  Corrosion process accelerates crack formation (electrochemical acceleration) 
 
 Cracks are formed after a prolonged duration due to the mechanical process of solid particle 
erosion  and  are  accelerated  by  corrosion.  This  has  led  to  the  conclusion  that  the  crack 
formation on the material is due to fatigue by repeated solid particle impacts after a certain 
time duration, and is accelerated by the corrosive environment. Corrosion can either cause 
crack initiation by localised corrosion or by propagation of micro-cracks by debonding at the 
crack-tip [210]. In the latter scenario, the reactive species present at the crack tip promotes 
the propagation of cracks chemically by the reaction between the reactive species and the 
bonds at the crack tips. Embedment of particles, oxides, wear debris or any other surface 
defects caused by the solid particle impingement, act as stress raisers that accelerate crack 
initiation and propagation. 
     When the layers of lips formed on the material are folded down, further impacts 
embed these lips along with the fragmented particle into the subsurface of the material. As 
further plastic deformation occurs over these buried lips and embedded particles, cracks are 
observed on the subsurface of the material. In both test conditions, strain induced martensite 
phase transformation has been observed through TEM diffraction. The composite structure 
formed consisting of a mechanically mixed particle and oxide film along with the martensite 
phase, accelerates corrosion as it acts as an anodic site for preferential localised corrosion. 
This brittle composite structure formed in the nanocrystalline region will have mechanical 




Table 10.3  Comparison of the surface and sub-surface wear mechanisms between erosion and erosion-corrosion samples  
 Description  Polished surface (uneroded)  Erosion (1 hour)  Erosion-corrosion (1 hour) 
SEM surface 
image 
     
FIB sub-surface 
image 
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Physical model   
Nanocrystalline























Thickness of 200 nm due to polishing  Thickness of  ≈2 μm  Thickness of  ≈2 μm 
Particle 
embedment 




No phase transformation  Martensite phase transformation confirmed 
through TEM diffraction  
Martensite phase transformation confirmed 
through TEM diffraction 
Oxide film 
embedment 
No oxide film embedment  No oxide film embedment  Oxide film embedment observed near the 
surface 
Cracks  No cracks  Low density of cracks  High density of cracks  
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10.5  Synergistic interactions 
 
 The main material loss mode due to solid particle erosion is by the formation and 
removal of lips, while the material loss due to corrosion is by anodic dissolution. However, 
for a passive metal like UNS S31603 which has an adherent passive film, anodic dissolution 
will only occur when this passive film is ruptured. Chapters 4 to 6 have confirmed that 
synergistic mechanism arising from UNS S31603 is due to the rupture of the passive film by 
solid  particle  impact.  The  amount  of  synergy  is  controlled  by  the  depassivation  and 
repassivation rate, which are a function of the rate of generation of depassivated surface, 
anodic  current  and  the  recovery  time  for  complete  repassivation.  In  this  work,  the  two 
primary factors that were found to control this rate  are the kinetic energy and the sand 
concentration (number of particles impacting the surface). 
FIB  and  TEM  investigations  have  revealed  that  there  is  another  synergistic 
mechanism present during erosion-corrosion that accelerates the wear loss. In this case the 
material wear loss was found to be caused by fatigue through the joining of crack networks 
and  subsequent  material  spalling.  Another  mechanism  in  which  cracks  appear  on  the 
subsurface of the material is through folding of lips along with the embedment of particles 
on the subsurface of the material. These cracks also act as sites for localised corrosion. This 
is an interesting finding in this work and future erosion-corrosion modelling should include 
this synergistic mechanism as part of the mathematical wear models. Experimenters should 
also  consider  this  mechanism  when  interpreting  erosion-corrosion  data.  Brittle  crack 
mechanisms are rarely considered in ductile erosion-corrosion as it is not perceived as a 
main wear loss mode. It is only through the usage of high resolution FIB and TEM that these 
features were observed. This is because these features are extremely fine (in the nanometre 
range) and are often damaged when TEM samples are prepared using conventional methods. 
It is this reason that the sample preparation using FIB plays an important role in preserving 
these features. It is extremely important to consider these wear features at the nanometre 
scale as it contributes in accelerating wear and synergy. 
  Another  finding  in  this  work  is  that  there  is  a  composite  structure  consisting  of 
mechanically mixed embedded particles, oxides and phase transformed martensite present on 
the top surface of the material. In addition to surface deformation mechanisms, it is also 
important to consider subsurface microstructural changes and corrosion accelerated crack 





11  Conclusions and Further Work 
   
11.1  Overall conclusions 
 
This thesis describes work that has been carried out to obtain a better understanding of the 
erosion-corrosion mechanisms of UNS S31603, in order to inform future erosion-corrosion 
modelling.  The  main  emphasis  of  this  thesis  is  to  understand  the  role  of  surface  and 
subsurface wear mechanisms in accelerating erosion-corrosion and synergistic interactions. 
The  erosion-corrosion  mechanisms  were  studied  quantitatively  using  gravimetric  and 
electrochemical  experiments  and  qualitatively  using  SEM,  FIB,  STEM  and  TEM.  The 
experimental results were analysed statistically to decouple the interactions between the test 
parameters. Detailed conclusions were provided at the end of each chapter, and this section 
provides overall conclusions from this work. 
 
A  slurry  pot  erosion  tester  was  modified  to  perform  in  situ  electrochemical 
investigations as well as gravimetric studies. This novel method has allowed electrochemical 
current noise measurements to be performed to study the depassivation and repassivation 
kinetics of a passive metal UNS S31603. The results were plotted and analysed using mass 
loss  and  current  versus  time  graphs.  Four  parameters  namely  velocity,  sand  size,  sand 
concentration  and  temperature  were  varied  to  study  their  effect  on  erosion-corrosion 
respectively.  A  typical  wear  corrosion  graph  is  observed  for  the  electrochemical 
experiments, where the current remains relatively stable up to a point when the test is started, 
where a sudden rise in current is seen, which is associated with the depassivation process. 
When  the  test  is  stopped,  the  current  returned  to  its  initial  level  as  the  oxide  film 
repassivates.  It  was  found  that  erosion,  flow  corrosion,  erosion-corrosion  and  synergy 
increase with increasing velocity. This is due to the increase in kinetic energy of the particles 
causing more frequent and effective impact on the surface, hence removal of the material and 
passive film. An increase in sand concentration increases the number of particles impacting 
the  surface and  passive  film,  causing  higher  material  loss and  enhanced  corrosion. This 
would also limit the repassivation of the oxide film contributing to enhanced corrosion of the 
bare  metal  surface.  The  surface  wear  mechanisms  studied  using  SEM  revealed  that  the 
surface of the specimen subjected to erosion-corrosion exhibits formation of multiple super-
imposed craters and lips [1]. The depth, length and number of the craters and lips, increased 
with increasing velocity due to the higher momentum of the particles to cut and deform the 
surface more frequently. An increase in sand concentration causes the surface to be covered  
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with a higher number of impact craters and lips, which are caused by the higher number of 
particles impacting the surface 
 
  When sand size was varied, the highest wear rates were observed for medium sized 
sand (294 μm) followed by the coarse sand (665 μm) and finally fine sand (106 μm). An 
optimal particle size which causes maximum wear is thought to exist when the particle is 
large enough to penetrate the squeeze film with sufficient kinetic energy to cause erosion 
[31]. However, if the particles are too large or in high concentrations, the incoming particles 
may collide with rebounding particles, preventing them from impacting the surface [25]. The 
rate of erosion-corrosion is also observed to increase with increasing temperature. This is 
due  to  the  increase  in  electrochemical  activity  and  corrosion  reactions  leading  to  high 
synergy levels.  SEM analysis showed that an increase in sand size produced deeper craters 
and more prominent lips compared to fine sized particles, where the particles tend to graze 
the surface without sufficient kinetic energy to cut into the surface. Lips also appear to crack 
on the material surface. It is believed that this is caused by the electrochemical action of 
corrosion attacking the roots of these lips [54]. The roots are the most vulnerable area as tiny 
microgalvanic sites are normally formed on the surface, causing galvanic corrosion between 
the bare surface and the lips. It is also usually the location where material removal occurs 
due to straining as it becomes extruded during each particle impact. In this work hardened 
condition,  this  lip  becomes  susceptible  to  cracking  which  is  further  accelerated  by  the 
corrosive fluid. An increase in temperature accelerates the formation of these cracks due to 
higher corrosion rates. 
 
For  the  first  time,  statistical  analysis  and  interaction  contour  plots  have  been 
employed to obtain an understanding of the variables influencing erosion-corrosion of UNS 
S31603. A multiple linear regression model has been used to derive an empirical relationship 
between  velocity,  sand  size,  sand concentration and  temperature.  Empirical  relationships 
developed  from  experimental  data  also  provide  a  simple  predictive  model  to  estimate 
erosion-corrosion  rates  within the  boundaries  of the  experiments. The  constant  from  the 
empirical equation derived, corresponds to the magnitude of significance in each factor. The 
factor that has the strongest influence on erosion-corrosion is velocity, followed by sand 
concentration,  temperature  and  finally  sand  size  having  the  least  significant  effect.  An 
interaction contour plot showed that the largest interaction occurred between velocity and 
sand  concentration.  At  low  velocities  and  sand  concentration,  the  interaction  is  not 
pronounced but increasing both the parameters produced large interactions. The interaction 
between  sand  concentration  and  sand  size,  as  well  as  between  temperature  and  sand 
concentration also produced significant effects. These findings basically imply that in actual  
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erosion-corrosion conditions, special attention has to be given when there are interactions 
between these parameters simultaneously as they may produce large synergistic effects.  
 
Single  particle  impact  experiments  conducted  revealed  that  the  peak  corrosion 
current increased with increasing velocity. A linear trend was seen between the peak current 
and increasing kinetic energy. The average repassivation time per impact was measured to be 
about 38 miliseconds. A second order exponential decay best fitted the repassivation kinetics 
of  the  single particle  impact in the  current  work.  From  the  electrochemical  experiments 
conducted, the total anodic current was found to be a  function of the amount of charge 
consumed (hence repassivation time), the kinetic energy of the particle and the total number 
of particles impacting the surface. This is consistent with the results from the gravimetric 
studies as well as mechanistic SEM investigation. Although the semi empirical model gave a 
reasonable prediction of synergy levels, the limitations of the model were used as a basis for 
further work in this PhD research. This is because the exact erosion-corrosion mechanisms 
have to be investigated before any attempt of modelling can be performed. 
 
  For the first time, in order to completely reveal the erosion-corrosion mechanisms, 
FIB, STEM and TEM have been used to elucidate the subsurface wear, deformation and 
microstructural  features.  The  evolution  of  wear  on  the  subsurface  was  correlated  and 
explained by a trend of mass loss rate versus time. The physical mechanisms on the surface 
reveal that between 5 and 20 minutes, each particle impact causes material removal through 
the formation of prominent lips and deep craters on the fresh surface [1].  This is observed as 
the acceleration period from the start of the test up to between 10 and 20 minutes.  At some 
point  between  10  and  20  minutes,  a  second  layer  of  lips  begins  to  form,  causing  the 
efficiency of material removal to decrease due to the rough uneven surface which absorbs 
the particle impact energy. At the same time period, on the subsurface, the depth of the 
nanocrystalline region increases with direct particle impact on the uneroded surface. A three 
layer  grain  structure  consisting  of  nanograins,  micrograins  and  deformed  bulk  grains  is 
formed on the subsurface. When the second layer of lips begins to form between 10 and 20 
minutes  and  the  surface  is  completely  eroded  and  work  hardened,  the  energy  absorbed 
during each impact is transmitted to the bulk grains, leading to the formation of micro-grains 
and  deformation  of  bulk  grains.  This  is  the  point  where  steady  state  erosion  occurs 
corresponding to the plateau region beyond 30 minutes in the graph of mass loss rate versus 
time. FIB and TEM investigation revealed the formation of a deformed band of nanograins 
and  twinning  after  single  particle  impact.  TEM  investigations  also  showed  that  a  larger 
extent of these grains was deformed and higher amount of twinning occurred after 5 minutes, 
across  a  larger  area  of  the  sample.  This  correlation  between  the  physical  surface  and  
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subsurface mechanisms together with the quantification of the trends of mass loss rate versus 
time provides new insights on erosion-corrosion evolution with time. It attempts to explain 
why the mass loss rate differs at different stages of solid particle erosion. 
 
  In depth investigations on solid particle erosion and erosion-corrosion at a longer 
time duration (1 hour) were also conducted using FIB, STEM and TEM.  For both samples, a 
combination of work hardening and grain refinement increases the hardness of the material. 
An interesting observation was that strain induced phase transformation from austenite to 
martensite was also observed in the material, and confirmed by TEM diffraction. At a certain 
point, the material starts exhibiting brittle behaviour and fatigue cracks are formed due to 
repetitive impacts. Another possible mechanism in which the cracks were formed on the 
subsurface was by folding of lips along with embedded particles. Larger amount of crack 
networks were observed for the material subjected to erosion-corrosion as compared to the 
pure erosion sample. This is believed to be due to the corrosive solution which reacts at the 
crack  tips  and  accelerates  crack  initiation  and  propagation  [210].  Particle  fragment 
embedment was also observed on the material surface and subsurface. This embedment of 
particles is believed to form voids and highly stressed regions in the sample, which become 
vulnerable regions for crack initiation and propagation. Another unique observation from 
this work is that embedded chromium oxide film was also observed on the subsurface of the 
material which was confirmed by TEM EDX analysis. Continuous particle impacts push the 
oxide film into the subsurface causing cracks and small fragments of material to chip away. 
These cracked regions also become favourable paths for anodic dissolution, accelerating 
corrosion.  A  composite  structure  consisting  of  the  martensite  phase  transformed  region 
together with the embedded particles and oxide is formed in the material. This structure is 
further enhanced when the multiple layers of lips are formed over these fragments. 
 
  Physical models have been developed in order to explain and correlate the findings 
from  this  work.  These  novel  physical  models  incorporate  the  FIB,  STEM  and  TEM 
observations  to  provide  an  integrated  model  correlating  the  surface  and  subsurface 
mechanisms  for  pure  erosion  and  erosion-corrosion.  FIB  and  TEM  have  proven  to  be 
extremely useful techniques in elucidating erosion-corrosion mechanisms at the nano-scale 
which cannot be resolved by SEM.  Table 11.1 shows an improved understanding of erosion-
corrosion mechanisms obtained from this work compared to the previous work by Harvey et 
al. [157]. Two additional synergy factors have been included, which are  c E   and  m E   to 
reflect  the  erosion-corrosion  mechanisms  observed  from  the  physical  models  of  UNS  
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S31603 given in Eq. (11.1). This would be the basis for consideration in future erosion-
corrosion models.  
 
m c e f E E C C S        
   
(11.1)   
   
  (1) 
where : 
S   = Synergy 
ΔCf  =  The effect of erodent damaging the passive film causing corrosion of the metal surface 
ΔCe  =  The effect of erodent deforming the surface causing an increased corrosion activity  
ΔEc  =  The influence of erosion and corrosion causing crack initiation and propagation  
ΔEm  =  The influence of erosion and corrosion in altering mechanical properties of the material 
 
Table 11.1  Summary of the findings from this work which includes additional  synergy 
factors for future erosion-corrosion modelling 




ΔCe  -  The  effect  of 
erodent deforming the 
surface  causing  an 




1.  The  influence  of 
velocity  and  sand 
concentration  in 
accelerating  material 





1.  Optimal  particle  sizes  believed  to  cause 
maximum erosion-corrosion. 
2.  The  influence  of  temperature  in  increasing 
erosion  –  corrosion  rates  after  depassivation 
particularly cracking at the root of the lips. 
3.  The  influence  of  pH  of  the  solution  causing 
higher erosion-corrosion.  
4.  Corrosion  current,  charge  consumed  and 
repassivation  kinetics  dependent  on  kinetic 






ΔCf  -  The  effect  of 
erodent damaging the 
passive  film  causing 




ΔEc - The influence of 
erosion and corrosion   
causing  crack 




1.  Material  subjected  to  erosion-corrosion  for 
prolonged periods exhibited fatigue cracks. 
2.  These cracks coalesce and cause spalling. 
3.  Cracking  also  occurs  at  the  strained  and  work 
hardened roots of the lips. 
4.  Cracks  are  accelerated  by  corrosive  fluid  and  
causes localised corrosion at crack sites. 
5.  Cracks were also formed by the folding of lips 
into the subsurface of the material. 
ΔEm -The influence of 
erosion and corrosion 
in  altering  the 
mechanical  properties 
of the material. 
 
1.  The  influence  of  a  brittle  composite  layer  that 
may  have  different  mechanical  and  corrosion 
properties compared to the bulk metal consisting 
of: 
 
a. Nanocrystalline grains  
b. Work hardened surface 
c. Martensite phase 
d. Embedded oxide film 
e. Embedded sand particles 
f. Evolution of lip layers and structure 




11.2  Further Work 
11.2.1  Future erosion-corrosion modelling 
 
  Based on the findings from this work, the phenomenon of crack initiation and 
propagation has been proposed as one of the synergistic interactions present during erosion-
corrosion. Recently Jiang et al. [210] proposed a model for tribo-corrosion of sliding wear. It 
was  described  that  the  generation  of  wear  debris  is  a  result  of  crack  initiation  and 
propagation  of  a  process  resembling  micro-fatigue.  It  assumed  that  during  sliding  wear, 
micro-cracks are initiated on the wear surface and propagates for a certain distance after each 
contact, between the asperity and counter-face. The wear debris is then generated after a 
certain  number  of  cycles  of  contact  at  the  crack  site.  The  corrosive  solution  can  then 
accelerate wear in two ways. The first is by increasing the number of crack initiation sites on 
the  damaged  surface  by  localised  corrosion  i.e  either  by  stress  corrosion  cracking  or 
corrosion fatigue [210]. The second method is through propagation of the micro-cracks by 
debonding at the crack-tip. Here, the reactive species present at the crack tip promotes the 
propagation of cracks electrochemically. It was envisaged that there are many sites that are 
potential micro-crack initiation locations for the generation of wear debris. The crack growth 
rate (da/dn) is influenced by the presence of a deleterious environment, pure mechanical 
fatigue  in  a  reference  environment,  the  interaction  of  cyclic  mechanical  loading  and 
sustained load crack growth at stress intensity levels above KISCC [210].   
 
  This model provides a good basis for explaining the synergistic effect that occurs 
during wear-corrosion. However, the complexity in the equations derived and parameters 
assumed provides opportunity for improvement. The complexity in quantifying factors such 
as  the  maximum  attainable  crack  growth  rate  in  a  corrosive  environment  and  reference 
environment, poses challenges in generalising this model. It would be ideal to investigate 
what is the material property that determines this maximum allowable crack growth rate. 
This  could either  be a  function  of  the  material fracture  toughness  or  ductility.  Also  the 
estimation of the number of crack sites on a unit apparent area of contact, and the size 
distribution estimation using Gaussian statistics do not provide a unique qualitative wear 
equation to estimate the crack sites generated. In a broad context however, this concept 
would be just as relevant to erosion-corrosion as much as sliding wear, and may be used as a 





11.2.2  Isotope labelling and FIB-SIMS 
 
The usage of isotope labelling and Secondary Ion Mass Spectroscopy (SIMS) for 
corrosion studies has generated much interest in the field of corrosion over the past 20 years 
[217]. SIMS uses the detection of ions emitted from a surface when bombarded with a beam 
of particles [217]. The bombarding of the primary beam allows small areas to be focused and 
the emitted ions formed can be analysed mass spectrometrically with great sensitivity after 
passing through an initial energy filtration [217].  SIMS is able to recognize highly localised 
corrosion processes and display the distribution of localised oxidation products such as maps 
of secondary ion distribution. As the SIMS technique is sensitive to mass number, the usage 
of  isotopically  labelled  specimens  to  track  the  movement  of  specific  elements  during  a 
particular period will be extremely valuable. It can be particularly helpful in elucidating the 
diffusion and migration of labelled specimens on the material. It has been shown by previous 
researchers that by using labelled isotope 
18O, the oxygen diffusion paths during oxidation 
can be determined [217-220]. Ooi et al. [219] observed the mass transportation of inward 
oxygen diffusion and outward diffusion of aluminium for a nickel based superalloy through 
the  mass  spectra  collected  from  FIB-SIMS.  SIMS  mapping  of  the  isotopic  tracer 
18O
- 
graphically revealed the oxygen diffusion path with the aid of FIB imaging. This isotopic 
tracer  technique  was  also  used  by  Alihbai  et  al.  [218]  to  obtain  oxygen  diffusion 
characteristics through an oxide scale by SIMS depth profiling. FIB was then performed to 
obtain elemental mapping of the material and oxide. This was analysed through a relative 
tracer enrichment versus depth profile of the material. This is possible for oxidation studies, 
as oxygen with a minor stable isotope 
18O can be exchanged with 
16O.  
 
  The similar technique would be extremely useful in elucidating the oxygen diffusion 
paths during erosion-corrosion. It is aimed that by performing erosion-corrosion experiments 
in 
18O enriched H2O, the diffusion of the isotopic 
18O on the material can be observed. It is 
hypothesized that microgalvanic sites are formed during erosion-corrosion [107]. This can 
occur  by  either  dislocations  or  the  diffusion  that  occurs  preferentially  through  grain 
boundaries. It would be beneficial to mill cross sections using FIB along caters and lips and 




- mapping would also be 
able to provide graphical information on this mechanism complemented by FIB-SEI images. 
The diffusion of oxygen through preferential sites such as cracks and the movement of the 
oxide  film  that  has  been  eroded  can  be  tracked  using  a  combination  of  FIB  and  SIMS 




11.2.3  Nanoscratch and nanoindentation studies 
 
There is scope to further investigate the observation of the brittle behaviour on the top 
surface of the material due to a combination of grain refinement and work hardening. The 
mechanical  properties  of  the  thin  composite  structure  consisting  martensite  phase 
transformed metal combined with embedded oxide and erodent particles can be studied using 
nanoindentation.  This  can  be  done  by  carefully  cross  sectioning  and  performing 
nanoindentation  on the top  surface  of  the  material,  where  the  composite  work  hardened 
structure is formed in order to obtain the hardness of the material. 
It has also been shown in Chapter 5 that the anodic current density increases when a 
solid particle impinges against the material, causing the passive film to rupture. In order to 
obtain a controlled variation in this current density, the usage of nanoindentation and scratch 
studies will be useful to simulate single particle impact. This would provide more insights on 
the  erosion  enhanced  corrosion  and  corrosion  enhanced  erosion  synergistic  effects. 
Experiments  can  be  conducted  in  three  stages.  The  first  step  would  be  to  perform 
nanoindentation in air to characterise the behaviour of this material. The second stage would 
be to perform nanoindentation tests in a wet cell to study the effect of corrosion on the 
mechanical properties of the metal. A range of cathodic potentials and anodic potentials can 
be used to study the corrosion enhanced erosion synergistic effect. The last stage would be to 
perform  nanoindentation  tests  on  corroded  surfaces.  This  stage  would  be  useful  in 
determining  the  difference  in  mechanical  properties  between  a corroded and uncorroded 
surface. Understanding this synergy effect by systematically changing the depth, speed, load, 
frequency  and  number  of  indentations,  would  allow  a  correlation  to  be  made  between 
indentation parameters such as hardness and elastic modulus and rise in current density.   
 
11.2.4  Computational Fluid Dynamics (CFD) 
 
  Fluid mechanics is another branch in the studies of solid particle erosion-corrosion 
that has to be explored further, in order to fully develop predictive erosion-corrosion models. 
The usage of commercial CFD packages such as Fluent and CFX could greatly assist in 
prediction of erosion damage when the fluid flow models are coupled with erosion and 
corrosion models. The particle tracking capability in CFD would allow particle impact data 
(velocity and impact angle at a given location) to be computed, hence providing valuable 
data on individual impact events. Often in the studies of solid particle erosion, we assume 
that the fluid is single phase although this is often not the case, as real flows in the oil and  
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gas industry for example is often multiphase (combination of oil, gas, sand and water). The 
chaotic nature of multiphase flow severely complicates erosion-corrosion modelling. In this 
scenario, CFD provides the best hope to resolve particle interactions, formation of bubbles, 
eddies,  slugs,  turbulence  in  multiphase  fluids  and  flow  fields  in  complex  geometries. 
Another attractive feature of CFD is the ability to simulate chemical reactions across the 
surface which is advantages to model corrosion reactions involving mass transport across the 
surface.  The combination of flow modelling to predict particle impact would also enhance 
synergy  prediction  capability  by  assessing  the  difference  in  corrosion  rates  between  an 
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